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ABSTRACT
The applications of green sorption media for stormwater treatment and nutrient removal benefit
surface and ground water bodies by reducing non-point source pollution from stormwater runoff.
To enhance nitrogen and phosphorus removal, a sequential study was performed to develop an
improved green sorption media in this study by including the iron filings into the previous
biosorption activated media (BAM). The iron-filings-based green environmental media (IFGEM)
are thus composed of sand, tire crumb, clay and ground iron filings in which clay and iron particles
are supposed to have salient interactions that cannot be present in BAM. However, the optimal
ratio between clay and iron-filings remains unknown. The innovative media recipe was determined
from a suite of sequential clay and iron filing contents variations by fixed-bed column testing seven
IFGEM recipes with varied clay and iron filing aggregates. The optimal IFGEM recipe (IFGEM3) was initially determined from the nutrient removal efficiency at three influent conditions
obtained from spiked distilled water with three levels of phosphate (0.3, 0.5, 0.7 mg/L) and nitrate
(0.9, 1.3, 1.7 mg/L) concentrations designed to mimic in-situ stormwater conditions. The nutrient
removal and recovery potential with respect to varying physical and chemical properties of IFGEM
were further investigated by response surface method (RSM). Response surface method was later
employed to identify the optimal or intelligent IFGEM recipe from simulated nutrient removal
results based on the seven IFGEM recipes. The RSM encompassed the modeling of the response
surface of three responses (total nitrogen, total phosphorus, and ammonia removal) in relation to
clay and iron filing contents. Lastly, to validate the efficacy of the real-world applications, a fixedbed column study was performed to explore the biological and physicochemical characteristics of
IFGEM-3 for nutrient removal in stormwater treatment. The nutrient removals and interactions of
microbial population dynamics were analyzed for natural soil, BAM, and two IFGEMs (IFGEMiii

1 and IFGEM-3) simultaneously for final validation of this bioengineering technology. Results
indicate that IFGEM has a great potential to achieve the essential removal of nutrients for
stormwater runoff.
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CHAPTER 1: INTRODUCTION
1. 1. Nutrient Pollution
A primary area of concern in stormwater management is quantity and quality control of
urban runoff (Jia et al., 2012; Oraei Zare et al., 2012). With increasing urbanization and agricultural
production triggered by population growth, the impacts on stormwater are continuously
augmenting. When best management practices (BMPs) for runoff quantity and quality attenuation
are not in place nutrient polluted stormwater can be released to nearby water bodies (Braune &
Wood, 1999), groundwater (Clark & Pitt, 2007), and consequently aquifers (Edwards et al., 2016;
Pitt et al., 1999). In part, stormwater runoff contributes to nonpoint source pollution with the
primary contaminants detected in the stormwater runoff including total Kjeldahl nitrogen,
ammonia, nitrite, nitrate, chromium, phosphorus, cadmium, copper lead, and zinc (Edwards et al.,
2016; Pitt et al., 2004).
Furthermore, urban runoff can carry heavy metals (Cu, Pb, As, Zn, CR, and Ni) (Wu and
Zhou, 2009), total suspended solids (Shammaa et al., 2002; Surbeck et al., 2006), nutrients
(Nitrogen and Phosphorus), and fecal bacteria (Roesner et al., 2001) and pesticides and discharge
them into natural water bodies. Groundwater pollution resulting from nutrients, pesticides, and
pathogens through stormwater infiltration has also been documented (Bucheli et al., 1998; Clark
& Pitt, 2007; Weiss et al., 2008). The effects of nutrients on water quality can be detrimental,
including eutrophication and harmful algal blooms (Chang et al., 2016; Jones et al., 2015; O'Reilly
et al., 2012a). Developing efficient and effective nutrient removal and recovery (NRR)
technologies has been recognized as an important step toward sustainable water management.
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1.2. Nutrient Removal with Sorption Technologies
Retention basins, swales, and rain gardens are some common practices designed to treat
pollution from stormwater runoff; however the removal efficiency is limited to the use of natural
soil and vegetation of the location (Borne et al., 2013). Wet detention ponds, floating treatment
wetlands (Borne et al., 2013; Ge et al., 2016) and constructed wetlands (Headley & Tanner, 2012)
are also common but the removal is limited to settling and some chemical and biological removal
processes. The implementation of sorption media in the design of both retention and detention
stormwater treatment technologies to further improve stormwater quality include utilization of
green sorption media (i.e., with the inclusion of recycled materials) in a floating media bed reactor
(FMBR) (Chang et al., 2016; Lin et al., 2016), and biosorption activated media (BAM) in
infiltration basins (O'Reilly et al., 2012b).
Extensive analyses of green sorption media applications for nutrient removal were
conducted in the last two decades (Chang et al., 2010a; Erickson et al., 2012; Güngör & Ünlü,
2005; Wen et al., 2018b; Xuan et al., 2010). The best management practice for preventing nutrient
contamination and reducing the impact of eutrophication on receiving water bodies is the removal
of the nutrients, such as nitrate and phosphorus, at their sources. Different types of green sorption
media were thus invented to remove nutrients which could otherwise damage ecosystem integrity
from stormwater runoff at any landscape (Cho et al., 2009; Hossain et al., 2010; O'Reilly et al.,
2012a). These technologies can achieve in situ treatment of stormwater when implemented by
utilizing their potential for biological and physicochemical nutrient removal.

2

1.3. Sorption Media
A suite of sorption media green in nature due to its composition ranging from sawdust
(Kalavathy et al., 2005), clays (zeolite, bentonite and kaolin) (Vimonses et al., 2009), carbon,
wheat shells (Bulut & Aydın, 2006), olivine (Wium-Andersen et al., 2012), fly ash (Huguenot et
al., 2010), coconut fiber, recycled concrete (Zurauskiene et al., 2017) and media mixtures with
various recycled component have been explored for adsorption and filtration purposes. Additional
studies of sorption media with a suite of green and recycled aggregates such as BAM (Bio-Sorption
Activated Media) (Hood et al., 2013; Jones, 2013; O'Reilly et al., 2012b; Wen et al., 2018a), IronFilings based Green based Environmental Media - IFGEM 1 (Chang et al., 2018b) and IFGEM 2
(Chang et al. 2018) have been investigated for stormwater applications. The composition of each
media matrix is related to the desired nutrient removal thus each type of green sorption media has
differentiating components intended to improve nitrogen and phosphorus removal from
stormwater runoff.

1.4. Study Objectives
Although, various types of green sorption media such as BAM have been developed for
nutrient removal, the investigation of Iron-Filings based Green based Environmental Media in its
participation as an adsorbent medium has only been recently investigated and limited to laboratory
isotherm and column studies (Chang et al., 2018b). The extend at which the application of IFGEM
media can be implemented has not been extensively explored. The application IFGEM 1 and
IFGEM 2 at different nutrient spiked influent conditions demonstrated promising results in
nitrogen, phosphorus removal and ammonia recovery. This is produced from the interaction
between clay and iron particles in providing nitrate reduction and phosphate precipitation
3

(Ruangchainikom et al., 2006; Thistleton et al., 2002a). The recipe for IFGEM 1 consists of 96.2
% fine sand, and 3.8% iron filings by volume, IFGEM 2 consists of 80% sand, 10% tire crumb,
5% clay and 5% iron filings by volume (Chang et al., 2018b).
The goal of this study is to refine the existing Iron-Filings based Green based
Environmental Media (IFGEM) recipes via an optimization approach for enhanced nutrient
removal and possible recovery. A series of experiments were carried out to determine the optimal
IFGEM recipe based on the known properties of IFGEM. Chapter 2 focuses on the development
of an optimal IFGEM recipe referred to as IFGEM 3 to improve nitrogen and phosphorus removal
according to the clay-iron interaction. A set of column study was developed to initially determine
the optimal clay content from a series of four clay variations, followed by an additional set of
column study so that the optimal iron filings content was determined from four iron filings content
variations given the known optimal clay contents. The suite of seven recipes were evaluated at
three district influent conditions containing nitrate and phosphate concentrations. Parameters for
water quality assessment including total phosphorus, total nitrogen, ammonia, oxidation reduction
potential (ORP), dissolved oxygen (DO) and pH are evaluated. Based on the overall, best nutrient
removals the most appropriate optimal IFGEM recipe was determined to contain 83% sand, 10%
tire crumb, 2% clay and 5% iron filings by volume.
In chapter 3 the analysis of the derived optimal IFGEM recipe continues with the utilization
of the response surface method (RSM) to validate and modify the experimentally derived optimal
recipe. This numerical method is a form of empirical modeling to explore the relationship between
factors on a response. The factors of interest are the clay and iron filing variations while the
response corresponds to the individual nutrient removals. The response surface derived from
models predicting the removal efficiencies from the previous column study are evaluated for the
4

three responses including total phosphorus, total nitrogen, and ammonia removal. The response
surface proposes the optimal recipe as 78% sand, 10% tire crumb, 2% clay and 10% iron filings
by volume. However, suboptimal conditions are observed. The chemical reactions with clay-iron
interactions leading to reduction of nutrients in the effluent are also explored. Lastly, statistical
analysis is employed to determine the adequacy and significance of the RSM and predicted nutrient
removals to the experimental values.
Given that only physicochemical interactions were examined previously for the
determination of the IFGEM 3 recipe, biological interaction in nutrient removal is examined in a
comparative analysis in Chapter 4. Four columns containing natural soil, BAM, IFGEM 1 and
IFGEM 3 are fed with nutrient spiked with collected stormwater from the Student Union Pond. To
investigate the effect microbial ecology in nutrient removal, the biofilm population densities of
ammonia oxidizing bacteria, anaerobic ammonium oxidation, nitrite oxidizing bacteria,
denitrifiers, dissimilatory nitrate reduction to ammonium, and iron reducing bacteria are explored
with the real-time polymerase chain reaction (qPCR) analysis. Both biological and
physicochemical removal process are evaluated.
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CHAPTER 2: OPTIMAL RECIPE ASSESSMENT OF IRON FILINGS
BASED GREEN ENVIRONMENTAL MEDIA (IFGEM) FOR NUTRIENT
REMOVAL AND RECOVERY FROM STORMWATER RUNOFF1
2.1. Introduction
The utilization of green sorption media to treat stormwater was recently introduced after
sand filters failed to recover nutrients (Chang et al., 2010a). Distinct types of media with different
material compositions were tested for water quality control at different low impact development
(LID) facilities. Green sorption media such as bio-sorption activated media (BAM) that utilized
waste recycling material has been studied and proven cost effective in nutrient removal through a
variety of laboratory and field tests. The efficient use of BAM for promoting nitrification and
denitrification processes in stormwater treatment was confirmed by Chang (2011). One of the
green sorption media, for example, is composed of 85% poorly graded sand, 10% tire crumb (no
metal contents), and 5% clay by volume and has been used to remove nutrients at various
stormwater dry ponds and wet ponds (Chang et al., 2018b; O'Reilly et al., 2012b).
The benefit of iron addition to sand filter media for increased phosphorus removal was
analyzed for distinct iron filing contents (Erickson et al., 2012). The iron filing in this media act
as an electron donor, contributing to nitrate reduction and phosphate adsorption. Nutrient removal
can also be performed from the application of a sorption media called Iron Filings-based Green
Environmental Media (IFGEM). IFGEM perform as a unique sorbent for chemical species to
physically and chemically react with the sorbents until an equilibrium is obtained. IFGEM has
been studied and demonstrated effective in removal efficiencies and the recovery/reuse potential

1

Authors: Andrea Valencia, Ni-Bin Chang, Dan Wen, Diana Ordonez, and Martin P. Wanielista; Publication:
Environmental Engineering Science, Publisher: Mary Ann Liebert, Inc.; New Rochelle, NY.
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of nutrients under varying temperature conditions (Chang et al., 2018b). It has been a cost-effective
alternative to treat point and nonpoint sources of nutrients.
Two types of IFGEM were previously created and analyzed using column studies. IFGEM1 contained 96.2% fine sand and 3.8% grinded iron filings by volume, while the IFGEM-2
contained 80% sand, 10% tire crumb, 5% pure clay, and 5% grinded iron filings by volume (Chang
et al., 2018b; Wen et al., 2018b). These two types of IFGEM were previously analyzed with respect
to reaction kinetics, product microstructure, temperature effects, and species competition on
nitrogen and phosphorus adsorption and removal. In these studies, the two green sorption media
(IFGEM 1 and 2) have been demonstrated effective in terms of removal efficiencies and recovery
potential of nutrients although removal efficiencies are not as high as expected (Chang et al.,
2018b; Wen et al., 2018b). The varying ratio of these components in IFGEM play different roles,
but their synergistic effect is critical in nutrient removal and recovery. The tire crumb, sand, and
clay are the key factors for tuning the hydraulic conditions for the desired treatment effectiveness.
When taking iron filing into account, the surrounding clay attracts nitrate onto the surface of iron,
hence more intensive nitrate reduction reaction happens. The products are ammonia and ferrous
iron, in which the former can be absorbed by clay and the latter is able to precipitate the
phosphorus. Both improve the nutrient recovery potential collectively. However, the composition
of the optimal recipe remains unclear.
Parameters such as oxidation reduction potential (ORP) will enhance the understanding of
interactions between clay and ground iron-filings in nutrient removal caused by physicochemical
properties of the green sorption media. Given the presence of iron filings in our media matrix
composition and the existence of phosphorus in the influent, ORP can be a significant parameter
to explain phosphorus adsorption in the iron particle due to the high specific surface area (Zhou et
11

al., 2005). ORP may impact, but not completely control, phosphorus adsorption (Zhou et al., 2005).
Further, ORP, DO and pH can be used collectively to indicate the oxidative and biological state of
water streams (Ga & Ra, 2009; Hasan et al., 2010), whereas a similar approach can be implemented
for stormwater runoff.
This study aims to determine the optimal recipe of IFGEM and its nutrient recovery
potential via a suite of comprehensive column tests, which may be regarded as the second
generation of NRR technology for advanced stormwater treatment. It primarily determines the
optimum clay content and secondarily the optimum iron filing content by volume in sequence
given three tangible nutrient influent concentrations. The proposed Iron Filing-based Green
Environmental Media 3 (IFGEM 3 hereafter) is a newly developed media with a refined media
recipe whose main constituents are sand, clay, tire crumb, and ground iron filing particles. The
percent by volume of clay and ground iron filing in the IFGEM 3 media mix were fine-tuned due
to their role in nitrate and phosphorus removal in this study. The results obtained from the
experiment lead to the selection of the unique green sorption medium that best fits the necessary
stormwater applications at the field condition.
The determination of the clay and iron filing percent content of IFGEM 3 will aid in realworld applications for stormwater treatment and nutrient recovery potential, in addition to reactor
design in wastewater treatment. We hypothesize that a substantial increase of clay content may
inhibit nitrogen and phosphorus removal by binding them to the iron filings in the media,
preventing the chemical process from occurring, and an increase in iron filing content may enhance
phosphorus removal until an equilibrium is reached.
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Science Questions:
•

What is the optimal percentage of clay and iron filing by volume for different stormwater
influent conditions?

•

What is the optimal recipe of IFGEM 3 for improving stormwater treatment and nutrient
recovery potential with respect to varying influent phosphorus and nitrate concentrations?

•

Is there any leakage of iron ion from the iron filings aggregate of the proposed IFGEM 3
in the effluent?
2.1.1. Chapter Objectives

•

Identify the optimum clay content by volume with a fixed iron filing content.

•

Compare ammonia, total nitrogen, and total phosphorus removal efficiencies for each clay
content mixture and influent condition.

2.2. Methodology
2.2.1. Experimental Setup
This study is comprised of a suite of fixed-bed column experiments developed to search for the
optimum clay and iron filing contents by volume for three influent conditions. A total of seven
distinct media were analyzed by varying the clay and iron filing contents systematically.
Previously developed recipes of green sorption media including IFGEM 1, 2, and BAM were used
for determining the range of clay and iron filings variation. A 2-8% clay and 2.5-10% iron filing
contents (by volume) were selected for variation. To understand the effect clay and iron filing
contents have on nutrient removal and recovery the experiment was divided into two subsequent
parts (Figure 1). First, the clay content was varied with constant iron filing content of 5% (Table
13

1), following the iron filing content was varied with fixed clay content determined from the first
part of the experiment (Table 2). The influent conditions for both parts of this column study
simulate field stormwater conditions at three phosphate and nitrate concentration levels.
Table 1: Composition of the IFGEM 3 recipes with respect to varying clay contents
IFGEM recipe clay

% Sand by volume

content by volume

Tire crumb by

Iron-filing by

volume

volume

2%

83%

10%

5%

4%

81%

10%

5%

6%

79%

10%

5%

8%

77%

10%

5%

Table 2: Composition of the IFGEM 3 recipes with respect to iron filings and sand contents
IFGEM recipe clay

% Sand by volume

content by volume

Tire crumb by

Iron-filing by

volume

volume

2%

85.5%

10%

2.5%

2%

83.0%

10%

5%

2%

80.5%

10%

7.5%

2%

78.0%

10%

10%

2.2.2. Material Characterization
The movement of water is affected by the porous media characteristics. Saturated hydraulic
conductivity (ks) describes the movement of a fluid through the saturated porous spaces(Al-Kaisi
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et al., 2017). The saturated hydraulic conductivity enables the determination of the hydraulic
residence time (HRT), thus it can impact the nutrient removal efficiencies by affecting the water
contact time required for treatment. The hydraulic characteristics for the seven media with clay
content variations are described in Table 3
Table 3. Characteristics for IFGEM Recipes for Clay Variation
Content

Hydraulic

Porosity (%)

conductivity (cm/s)
Clay content variation by volume
2% clay, 5% iron, 83% sand

0.075

31.04

4%, clay, 5% iron, 81% sand

0.066

31.04

6%, clay, 5% iron, 79% sand

0.047

31.14

8%, clay, 5% iron, 77% sand

0.035

31.14

Iron filing content variation by volume
2% clay, 2.5% iron, 85.5% 0.109

30.93

sand
2% clay, 7.5% iron, 80.5% 0.045

30.93

sand
2% clay, 10% iron, 78% sand 0.050

30.82

*Tire crumb is maintained constant at 10% (by volume) for the seven recipes
2.2.3. Column Study
Three PCV columns of 76.2 cm length and a diameter of 7.62 cm with three equivalent sections
were utilized for the analysis of the four clay and iron filing variations by volume under the three
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distinct influent conditions (Figure 1). The columns were divided into three sections for sampling
purposes with each section being 25.4 cm in length. Dry media of composition of varying clay
content (Table 2) and iron filing content (Table 3) was packed in each column section. The bottom
of each column section was sealed with a perforated cap to enable water to be distributed as it
travels to the next column section. The space between each column section was sealed with
parafilm to prevent intrusion of outside sources. A bottom filter with a layer of pebbles was placed
to prevent particles from escaping the column sections at each port (Hossain et al., 2010; Jones et
al., 2015; Nilsson et al., 2013) while a layer of pebbles was placed at the top of each column section
to aid in water distribution. The columns were flushed with tap water for approximately 10 hours
to eliminate any substance present in the media prior to the addition of each dosed influent.
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(a)

(b)

Figure 1: (a) Triplicate column test setup for determination of optimum clay (Part 1) and iron
filing (Part 2) percent contents by volume for influent condition (1) 0.9 mg/L NO3-, 0.3 mg /L
PO4 3- (2) 1.3 mg/L NO3-, 0.5 mg/L PO4 3- (3) 1.7 mg/L NO3-, 0.7 mg/L PO4 3- (letter A
corresponds to one media recipe) (b) Experimental process for determining optimal IFGEM
recipe.

The influent consisted of distilled water spiked with nitrate and phosphate ISE (ion
selective electrode) standard solutions to produce three influent conditions that simulate
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stormwater nutrient concentrations. The three influent condition studied were 0.3 mg/L of
phosphate and 0.9 mg/L of nitrate, 0.5 mg/L of phosphate and 1.3 mg/L of nitrate, and 0.7 mg/L
of phosphate and 1.7 mg/L of nitrate. The distinct influents were continuously pumped from the
reservoir to the inlet in downward-flow from top of the columns using peristaltic pumps at a flow
rate of 8 mL/min during a period of 3-hrs, after which samples were collected at the influent,
effluent, port 1, and port 2. This procedure was conducted for both clay and iron filing variations.
2.2.4. Sample Collection and Analysis
Triplicate samples were collected for the influent, port 1, port 2, and the effluent. These water
samples collected for the determination of the optimum clay and iron filing content at the influent,
effluent, port 1, and port 2 for the three scenarios (i.e., influent conditions) were analyzed in the
UCF laboratory using a HACH DR5000 spectrophotometer. These water samples were analyzed
for nitrate, nitrite, ammonia, total nitrogen, iron, and dissolved oxygen (DO) within 24-hrs of
collection (Jones et al., 2015; Wen et al., 2018b; Wen et al., 2017). The influent, effluent, port 1
and port 2 samples were analyzed for both ammonia and total phosphorus (TP), whereas only the
influent and effluent samples were analyzed for nitrate and nitrite. The total nitrogen (TN)
concentration was derived from the determined ammonia, nitrite, and nitrate concentrations.
Measurements for pH and ORP were conducted following each sampling event. Further, effluent
iron concentrations were analyzed to determine the presence of iron leakage from the iron filing
component of IFGEM 3. The concentrations of the parameters obtained from influent and effluent
samples were recorded to be used as a basis of comparison between column media. Table 4
summarizes the parameter and instrumentation used for analysis of the lab tests.
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Table 4: Parameters and Instrument for Column Study
Parameter

Instrument/Method no.

Nitrate
Nitrite
Ammonia
Total
Phosphorus
Iron
pH

HACH DR5000/Method 10206
HACH DR5000/Method 10207
HACH DR5000/Method 10205
HACH DR5000/Method 10209

DO
ORP

HACH DR5000/Method 10229
Waterproof Double Junction
pHTestr® 30
HACH HQ40D-IntelliCAL
HACH HQ40D-MTC101

Detection Range
(mg/L)
0.2-13.5
0.015-0.60
0.015-2.00
0.15-4.50
0.2-6.0
-------

2.2.5. Criteria for the Selection of Optimum Recipe
The criteria for selecting the optimal recipe for the first and second part of the experiment with
respect to the optimal combination of clay and iron filing content by volume is presented in
continuation. The media performance for each was analyzed with respect to the parameters of
interest. A screening process was conducted to determine the adequate clay and iron filing contents
based on two factors, including: 1) average nutrient removal efficiency and 2) potential nutrient
recovery. Although ammonia and phosphorus removal within the distinct depths of the green
sorption media is desired, the TN, TP, and ammonia removal in the effluent was utilized as the
selection criteria as it best represents the envisioned stormwater treatment provided by the green
sorption media. Further, a high nutrient recovery, mainly ammonia recovery, in the media can
indicate a better potential reuse for green sorption media in applications such as fertilizer
substitution. Overall, the analyzed parameters described below will aid in determining the optimal
clay and iron filing contents. They include: 1) TP percent recovery, 2) TN percent removal, 3)
Ammonia percent removal, 3) Phosphate recovery, 4) Ammonia recovery, and 5) Iron leakage in
19

the effluent. Although the highest ammonia, TP, and TN removal for each influent condition may
not be consistent with the same media component, the overall nutrient removal for the influent
conditions is assessed.
2.2.6. Statistical Analysis
A two-way analysis of variance (Anova) was employed to determine if there are any statistical
differences between columns for nutrient removals for each influent condition. The clay and iron
filing variations for each influent condition where compared to establish if there are any significant
differences in TP, TN and ammonia removals. The variation in the clay and iron filing contents
and the influent conditions are the two required independent variables. For this analysis there are
three null hypotheses (Ho) and three alternative hypotheses (H1). If the p-value is less than α (0.05)
the null hypothesis can be rejected (Ananda & Weerahandi, 1997) favoring the alternative
hypothesis. The following are the three null hypotheses: 1) Ho: the average nutrient removals for
clay/ iron filing variations are the same (H1: the average nutrient removals for clay/ iron filing
variations are different), 2) Ho: the average nutrient removals from the varying influent conditions
are the same (H1:the average nutrient removals from the influent conditions are different), and 3)
Ho: there is no interaction between influent conditions and clay/ iron filing variations in the
columns (H1: there is interaction between influent conditions and clay/ iron filing variations in the
columns.).

2.3. Results and Discussion
The results for the two key experimental components pertaining to clay followed by iron filing
variation are divided into the first part and second part, respectively. Each aggregate variation
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consists of three distinct influent conditions. The first influent condition was comprised of spiked
distilled water with 0.3 mg/L of phosphate and 0.9 mg/L of nitrate, the second consisted of 0.5
mg/L of phosphate and 1.3 mg/L of nitrate, and the third influent condition contained 0.9 mg/L of
phosphate and 1.7 mg/L of nitrate.
2.3.1. Clay Content Variation
Due to the impact clay has on the ammonia reduction and infiltration rate, different clay component
percentages by volume were examined at three influent conditions to obtain the optimal clay
content for the new IFGEM 3. Average ammonia concentrations at each port demonstrated an
increase in ammonia concentration in port 1 before decreasing from port 2 to the effluent (Figure
2). The ammonia concentrations at each port can be related to ammonia adsorption and recovery
potential within the section of the column. Sections with higher ammonia removal have greater
ammonia adsorption and thus a better potential for ammonia recovery from the media. The removal
efficiencies of average effluent TN and TP were obtained with respect to the influent, whereas the
ammonia percent removal was determined with respect to port 1 concentration as minimal
ammonia concentrations were detected in the influent in comparison to port 1.
The effluent TN removal showed little variation among the recipes with 2%, 4%, 6%, and
8% clay content in each influent condition, as opposed to cases for ammonia and TP removal
(Figure 3,Table 5). For the second influent condition the 2% clay content outperformed the
remaining 3 clay contents in TN removal (90.94 %). Further the NOx removals were the highest
for 2% clay content at all three influent conditions. In general, the ammonia percent removal
decreased from the 2% to the 8% clay content. The TP removal for each clay content media and
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influent condition was more varied than the TN and ammonia removals. It is noted that the same
relation between removals may not be the same for the three influent conditions.
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Figure 2: Average ammonia concentration for individual sample ports 2% clay content (10% tire
crumb, 5% iron filing, 83% sand by volume), 4% clay content (10% tire crumb, 5% iron filing,
81% sand by volume), 6% clay content (10% tire crumb, 5% iron filing, 79% sand by volume),
and 8% clay content (10% tire crumb, 5% iron filing, 77% sand by volume) for influent
condition of (a) 0.3 mg/L phosphate, 0.9 mg/L nitrate, (b) 0.5 mg/L phosphate, 1.3 mg/L nitrate
and (c) 0.7 mg/L phosphate, 1.7 mg/L nitrate
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Figure 3: Effluent ammonia, total nitrogen, total phosphorus, and nitrate concentration for clay
variation for (a) 0.3 mg/L phosphate, 0.9 mg/L nitrate, (b) 0.5 mg/L phosphate, 1.3 mg/L nitrate
and (c) 0.7 mg/L phosphate, 1.7 mg/L nitrate (Clay variations in media composition follow the
setting in Table 1).
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Table 5: Summary of Effluent Nutrient Removal for Clay Variation
Clay
content

Influent Concentration 1

Influent Concentration 2

Influent Concentration 3

Ammonia
removal

TP
removal

TN
removal

NO3removal

Ammonia
removal

TP
removal

TN
removal

NO3removal

Ammonia
removal

TP
removal

TN
removal

NO3removal

2%

98.17%

83.76%

91.50%

92.29%

96.11%

81.10%

90.94%

92.29%

95.14%

91.76%

93.94%

95.59%

4%

87.21%

93.00%

76.61%

82.35%

77.10%

79.11%

83.42%

86.00%

89.04%

79.98%

87.02%

89.06%

6%

89.92%

74.65%

87.76%

89.55%

91.98%

95.47%

83.08%

84.00%

84.62%

70.34%

83.99%

86.74%

8%

61.46%

78.43%

83.01%

85.30%

70.61%

78.37%

79.42%

82.43%

85.39%

76.90%

82.90%

86.27%
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The percent of ammonia and nitrate-nitrite concentration for the TN concentration in the
effluent depicts their percent concentrations for each clay content. The ammonia percent
concentration in the effluent was the lowest for 2% clay; however, it increased for 4% and
decreased for 6% and 8% clay (Figure 4). For the second and third influent concentrations the
effluent composition for the 4% and 2% clay content media had the highest ammonia percent
concentrations, respectively.

100%

PERCENT (%)

80%
60%
40%
20%
0%
2% 4% 6% 8%
clay clay clay clay

2% 4% 6% 8%
clay clay clay clay

Effluent 1

Effluent 2

Ammonia concentration %

2% 4% 6% 8%
clay clay clay clay
Effluent 3

Nitrate-Nitrite concentration %

Figure 4: Percent ammonia and NOx concentration for total nitrogen in effluent sample ports for
2% clay content, 4% clay content, 6% clay content and 8% clay content for Influent 1 (0.3 mg/L
phosphate, 0.9 mg/L nitrate), Influent 2 (0.5 mg/L phosphate, 1.3 mg/L nitrate), and Influent 3
(0.7 mg/L phosphate, 1.7 mg/L nitrate). (Clay variations in media composition follow the setting
in Table 1).

The last parameter of analysis was the iron ion concentration in the effluent. The minimal
amount of iron leakage for the first and third influent conditions was present in the 2% clay content,
followed by 4% clay, 6% clay, and, lastly, 8% clay content (Figure 5). In the second influent
condition the 4% clay content had the largest iron concentration in the effluent, while 2% clay
content had the smallest effluent iron concentration. The difference observed in effluent iron
25

concentration from the different clay variations can be attributed to the abundance of more iron
filing particles at a specific region in the columns, which were translated into the effluent iron
concentration measured as it is expected that the uniformity and homogeneity of the media mix
can affect the collected results. In addition, the change in ORP, DO, and pH for each sample port
can aid in understanding the reaction potential with respect to nutrient removal (Table 6). As the
pH values are all within the range of neutral condition, DO and ORP measurements vary from 8
mg/L to 11 mg/L and 200 mV to 340 mV, respectively, across different scenarios of varying clay
contents. These parameters can be utilized to evaluate water quality. In general, the ORP values in
the effluents are much smaller than those in the influents, which indicates the possible equilibrium
reached in the end of the column.
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Figure 5: Effluent iron concentration for 2% clay content, 4% clay content, 6% clay content and
8% clay content for influent condition (a) first, (b) second, (c) third. (Clay variations in media
composition follow the setting in Table 1).
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Table 6: Average Measurements for ORP, DO, and pH for Clay Content Variation
Influent

Port

2% Clay
ORP
(mV)

Condition
1

Condition
2

Condition
3

DO
(mg/L)

4% Clay
pH

ORP
(mV)

6% Clay

Influent

247.73

10.26

7.70

251.93

DO
(mg/
L)
11.07

Port 1

261.92

10.61

8.51

231.30

11.76

8.05

278.06

9.51

8.13

261.49

10.61

8.17

Port 2

265.34

10.33

8.47

238.12

11.17

8.24

280.02

9.66

8.14

254.28

11.06

8.23

Effluent

263.18

10.25

8.29

255.87

10.83

8.00

287.62

9.30

8.19

241.97

10.75

8.44

Influent

340.73

10.80

7.19

235.30

9.80

7.64

340.73

10.80

7.19

235.20

9.80

7.64

Port 1

282.12

10.51

8.14

210.48

8.50

8.58

259.26

10.57

8.18

201.77

9.12

8.30

Port 2

280.71

9.77

7.89

212.47

8.14

8.43

260.61

10.51

8.20

207.14

9.17

8.39

Effluent

283.56

10.25

8.12

209.68

9.03

8.63

255.04

10.46

8.17

210.60

9.24

8.47

Influent

267.57

9.80

7.64

273.93

9.80

7.64

267.57

9.80

7.64

273.93

9.80

7.64

Port 1

206.86

8.50

8.58

210.48

8.50

8.58

201.77

9.12

8.30

215.74

9.12

8.30

Port 2

214.18

8.11

8.43

212.08

8.14

8.43

207.14

9.17

8.39

237.82

9.17

8.39

Effluent

224.00

9.03

8.63

209.68

9.03

8.63

210.6

9.24

8.47

236.26

9.24

8.47
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pH

ORP
(mV)

6.89

269.70

DO
(mg/L)

8% Clay
pH

ORP
(mV)

DO
(mg/L)

pH

9.97

7.83

251.93

11.07

6.89

2.3.2. Iron Filing Content Variation
The impact iron filing content in green sorption media has on ammonia, TN, and TP percent
removal was explored. Overall, ammonia concentration increased greatly in port 1 but decreased
from port 2 to the effluent (Figure 6). However, an exception was noted in the 7.5% iron filing
content, where a small increase in ammonia concentration in the effluent was seen for the first
influent concentration. Further, an increase in ammonia generation in the effluent port was
observed with each increase in iron filing content.
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0.7000

Average Ammonia Concentration
(mg/L)

2.5%
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0.4500
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0.1500
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0.0500
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10%

0.6000
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0.4000
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0.2000
0.1000
0.0000
Influent Port 1
2.5%

5%

7.5%

Port 2 Effluent
10%

Figure 6: Average ammonia concentration for individual sample 2.5 % iron filing content (10%
tire crumb, 2% clay, 85.5% sand by volume), 5% iron filing content (10% tire crumb, 2% clay,
83% sand by volume), 7.5% iron filing content (10% tire crumb, 2% clay, 80.5% sand by
volume), and 10.0 % clay content (10% tire crumb, 2% clay, 78% sand by volume) for influent
conditions of (a) 0.3 mg/L phosphate, 0.9 mg/L nitrate, (b) 0.5 mg/L phosphate, 1.3 mg/L nitrate
and (c) 0.7 mg/L phosphate, 1.7 mg/L nitrate.

The lowest TP ,TN and NOx concentrations were obtained for the media with 5% iron
filing content for influent 1 and 3, with a slightly higher TP concentration than the 7.5% and 10%
iron filing content for influent 2 (Figure 7). The medium with the 5% iron filing composition
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outperforms the other media in terms of overall ammonia removal. In all the influent conditions
the highest effluent ammonia removal was attained by 5% iron filing content, followed by 2.5%
iron filing. Similarly, this medium composition had the highest TN removal for most of the influent
conditions (Table 7). The effluent ammonia removal determined for influent 2 in iron filing content
variations were very similar in range, and the TP removal were within close values for the second
and third influent conditions, with the highest visible TP removal observed only in the first influent
condition.
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0.2
0.15
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Figure 7: Effluent ammonia, total nitrogen, total phosphorus and nitrate concentration for iron
filing variation for (a) 0.3 mg/L phosphate, 0.9 mg/L nitrate, (b) 0.5 mg/L phosphate, 1.3 mg/L
nitrate and (c) 0.7 mg/L phosphate, 1.7 mg/L nitrate (Iron filing variations in composition follow
the setting in Table 2.)
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Table 7: Summary of Effluent Nutrient Removal for Iron Filing Variation
Iron
filing
content

2.5%
5%
7.5%
10%

Influent Concentration 1

Influent Concentration 2

Influent Concentration 3

Ammonia
removal

TP
removal

TN
removal

NO3removal

Ammonia
removal

TP
removal

TN
removal

NO3removal

Ammonia
removal

TP
removal

TN
removal

NO3removal

80.27%

38.01%

71.88%

79.06%

95.01%

90.54%

83.79%

85.72%

89.75%

92.71%

80.24%

84.06%

98.17%

83.76%

91.50%

92.29%

96.11%

81.10%

90.94%

92.29%

95.14%

91.76%

93.94%

95.59%

65.01%

31.22%

73.40%

89.52%

94.02%

86.32%

92.08%

94.07%

73.23%

90.53%

89.11%

94.37%

63.94%

79.26%

78.36%

93.46%

78.95%

90.07%

91.89%

96.99%

87.94%

93.35%

92.92%

96.32%
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The composition of ammonia and nitrate-nitrite (NOx) concentration in the effluent TN
concentration describes in general an increase in ammonia concentration percent when there is an
increase in iron filing content in the media (Figure 8). The only exception is noted for influent 1,
where there is a decrease in ammonia concentration between 2.5% and 5% iron filing before an
increment in ammonia concentration occurs for the succeeding iron filing contents. The increase

PERCENT (%)

in iron filing content by volume shows a relationship to ammonia concentration at the effluent.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
2.5% 5% 7.5% 10%
iron iron iron iron

2.5% 5% 7.5% 10%
iron iron iron iron

Effluent 1
Ammonia concentration %

2.5% 5% 7.5% 10%
iron iron iron iron

Effluent 2
Effluent 3
Nitrate-Nitrite concentration %

Figure 8: Percent ammonia and NOx concentration for total nitrogen removal in effluent sample
ports 2.5 % iron filing content, 5% iron filing content, 7.5% iron filing content, and 10.0 % clay
content for Influent 1 (0.3 mg/L phosphate, 0.9 mg/L nitrate), Influent 2 (0.5 mg/L phosphate,
1.3 mg/L nitrate), and for Influent 3 (0.7 mg/L phosphate, 1.7 mg/L nitrate). (Iron filing
variations in composition follow the setting in Table 2.)
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(b)
Iron concentration in effluent
(mg/L)

Iron concentration in effluent
(mg/L)

(a)

1.5

1

0.5

0
2.5% iron filing

5% iron filing

7.5% iron filing

10% iron filing

Iron concentration in effluent
(mg/L)

(c)

2.5
2
1.5
1
0.5
0
2.5% iron filing

5% iron filing

7.5% iron filing

10% iron filing

2

1.5

1

0.5

0
2.5% iron filing

5% iron filing

7.5% iron filing

10% iron filing

Figure 9: Effluent iron concentration for 2.5% iron filing content, 5.0% iron filing content, 7.5%
iron filing content and 10.0% iron filing content for influent condition (a) first, (b) second, (c)
third. (Iron filing variations in composition follow the setting in Table 2).

The effluent iron concentration was measured to observe possible iron leakage from iron
ion stemming from iron filing variation medias. In terms of the clay variation media, the iron ion
concentrations varied for each influent condition (Figure 9). Because of the impact pH, DO, and
ORP have on water quality, these parameters were measured (Table 8). The change in ORP and
DO can be related to the iron interaction with TP and ammonia removal. The pH ranged from 7 to
9, with ORP and DO between 150 mV to 348 mV and 7 mg/L to 11 mg/L, respectively. In general,
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the ORP values in the effluents were much smaller than those in the influents, which indicates the
possibility that equilibrium was reached in the end of the column.
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Table 8: Average Measurements for ORP, DO, and pH for Iron filing Content Variation When the Clay Content was 2% By Volume
Influent

Port

2.5% Iron filing
ORP

DO

(mV)

(mg/L)

pH

5% Iron filing
ORP

DO

(mV)

(mg/L)

7.5% Iron filing
pH

ORP

DO

(mV)

(mg/L)

pH

10% Iron filing
ORP

DO

(mV)

(mg/L)

pH

Condition Influent

289.77

9.30

7.19

247.73

10.26

7.70

289.77

9.30

7.19

249.37

9.61

7.08

1

Port 1

175.81

7.45

8.20

261.92

10.61

8.51

101.53

7.43

8.58

170.44

8.17

8.42

Port 2

208.39

8.35

8.07

265.34

10.33

8.47

111.07

7.85

8.44

170.13

7.97

8.36

8.6

8.09

263.18

10.25

8.29

157.93

7.93

8.61

221.24

8.96

7.68

Effluent 223.56
Condition Influent

267.00

8.95

7.37

340.73

10.80

7.19

267.00

8.95

7.37

277.33

11.22

7.31

2

Port 1

151.20

7.24

7.42

282.12

10.51

8.14

53.30

7.12

8.90

239.84

10.69

8.51

Port 2

199.07

8.04

8.18

280.71

9.77

7.89

114.82

8.22

8.54

236.06

10.62

8.39

Effluent 178.50

8.58

8.31

283.56

10.25

8.12

213.40

8.70

8.31

244.34

10.71

8.11

Condition Influent

348.83

10.85

7.61

267.57

9.80

7.64

348.83

10.85

7.61

224.73

9.89

7.80

3

Port 1

336.44

10.72

8.30

206.86

8.50

8.58

281.74

10.51

8.78

139.34

8.05

8.54

Port 2

328.00

10.75

8.39

214.18

8.11

8.43

254.17

10.97

9.00

173.11

9.19

8.37

Effluent 316.86

10.42

8.59

224.00

9.03

8.63

260.21

10.44

8.48

186.89

9.64

8.20
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2.3.3. Nutrient Removal and Water Quality Characteristics
The quantity of clay and iron filing particles in media can influence the chemical reactions
contributing to nutrient removal. The ammonia concentration can be affected by the quantity of
iron filing particles present in the media, as iron can interact to produce nitrate or ammonium. Clay
is inexpensive and has a high adsorption capacity (Moharami & Jalali, 2015). However, clay may
adhere to the iron filing particles, reducing the available surface area required for TP removal. This
implies that a higher clay content media may have a larger negative effect on TP removal.
However, clay can interact with iron filings to attain TN removal (Chang et al., 2018b). For
comparison of nutrient removal efficiency, other green sorption medias with aggregates similar to
IFGEM 3 are delineated and compared in Table 9.
The results obtained from the clay content variation (2%, 4%,6%, and 8% clay content) by
volume suggests the 2% clay content medium has the highest ammonia removal (98.17%) in the
effluent, whereas 8% clay content has the lowest ammonia removal (61.46%) with respect to port
1 (Table 5). The change in ammonia concentration from the port 1, port 2, and the effluent port
demonstrates a decrease in ammonia concentration from port 1 to the effluent contributing to
ammonia removal and recovery (Figure 2). The significant decrease in ammonia concentration
between sample port 1 and port 2 suggests that the ammonia recovery potential of the media is
related to the adsorption characteristics of clay.
Moreover, all the clay contents exhibit adequate TN removal and NOx. The 2% clay
content medium obtains the highest TN removal of 93.94%, whereas the 4% clay content medium
performs the least efficiently, with a TN removal of 76.61%. The highest NOx removal of 95.59%
was also achieved by 2% clay content. On the contrary, the TP removal is not consistent throughout
the distinct influent conditions. For the first influent condition the 4% clay content medium
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obtained a TP removal (93.0%) in the effluent followed by 2% clay content (83.76%). In the
second influent condition, the 6% clay was followed by 2% content medium with a TP removal of
95.47% and 81.10%, respectively. In the third influent condition the 2% clay medium had the
highest TP removal (91.76%). Further, a comparison of the percent of ammonia and NOx (nitratenitrite) concentration of the TN concentration in the effluent ports for the four clay variations
suggests that the 4% clay content media has a larger ammonia concentration in the effluent in
contrast with the 2%, 6%, and 8% clay contents. More details can be seen in the supplemental data
set.
The iron filing content variation results support identifying the optimal iron filing percent
content once the clay percent content can be established. From the average port ammonia
concentration (Figure 6) a decreasing pattern was noted for the ammonia concentrations after Port
1. In general, the medium with the 5% iron filing percent content obtained the highest ammonia,
TP and TN percent removals (Table 7). This can be attributed to the oxidation of ferric ion by
nitrite (Sørensen, 1982). The TP removal efficiencies for the second and third influent conditions
were very close with the 5% iron filing content obtaining the highest TP removal for influent 1
and 3. Alike, the relation observed between the clay content variation and the TP removal was not
consistent for one medium. For the first influent the 5% iron filing content obtained the maximum
removal (83.76%) followed by 10% iron filing content (79.26%). In the second and third influent
conditions the 5% iron filing content did not obtain the highest TP removal. However, the
determined TP removals of 81.15% and 91.76% were in close range to the maximum removals
obtained by the other media.
The highest ammonia removal was accomplished by the 5% iron filing composition. A
greater percent of ammonia concentration compromising the effluent TN concentration was
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observed for the iron content variation (Figure 8). The NOx percent concentration decreased with
increasing iron filing content. This increase was noticeable for the 7.5% and 10% iron filing
contents. For some influent conditions the iron concentrations appeared relatively large, although
the results were not consistent. Human factors could have impacted the homogeneity of the media
mixture, as each media mix was produced by hand. In addition, an iron-filing particle could have
been collected with the water sample, producing excess dissolved iron in the sample. Having
excess iron filings in the media or iron filing particle(s) in the water sample after collection could
have produced the observed high iron ion concentration in the effluent of the media. Thus, the
measured iron concentration in the effluent may not be representative of iron leakage caused by
iron filings.
Lastly, as all the influent concentrations were produced with non-organic forms of nitrogen
the results may vary in comparison to the utilization of organic nitrogen for spiking the influent.
Thus, by having no organic nitrogen forms in the influent may provide a variation in ammonia
concentrations in comparison with the utilization of organic forms. Additionally, ammonification
may occur which in this process organic nitrogen is converted to ammonia. Moreover, the TN
measured would in this case also include organic nitrogen.
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Table 9: Comparison of Nutrient Removal Performance for Green-Sorption Media
Sorption Media

BAM

Composition

•
•
•

IFGEM 1

•
•

IFGEM 2

•
•
•
•

Ammonia
Removal

TP
Removal

TN
Removal

Nitrite
Removal

Nitrate
Removal

Reference

85.0% sand
(volume)
10.0% tire
crumb
(volume)
5.0% clay

82%

82%

70%

-

-

Chang et
al.
(2010b)

96.2% sand
(volume)
3.8% iron
filing
(volume)

-

45%-80%

-

-

80%-95%

Chang et
al.
(2018b)

80.0% sand
(volume)
10.0% tire
crumb
(volume)
5% clay
(volume)
5.0% iron
filing
(volume)

-

38%-85%

-

-

70%-92%

Chang et
al.
(2018b)
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Sorption Media

IFGEM 3

Composition

•
•
•
•

83.0% sand
10.0% tire
crumb
(volume)
2% clay
(volume)
5% iron
filing
(volume)
Sandy clay
loam

Ammonia
Removal

TP
Removal

TN
Removal

Nitrite
Removal

Nitrate
Removal

Reference

95%-98%

84-92%

91-94%

-

-

This study

-

-

-

93%94%

64%-90%

Güngör
and Ünlü
(2005)
Güngör
and Ünlü
(2005)
Güngör
and Ünlü
(2005)
Erickson
et al.
(2012)

SCL

•

LS

•

Loamy
sand

-

-

-

95%

93%

SL

•

Sandy
loam

-

-

-

83%96%

45%-73%

Minnesota
Filter

•

5.0% iron
filings
(weight)
95.0% sand
(weight)

-

88%

-

-

-

•
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Sorption Media

Iron and
aluminum
Hydroxide
coated Filter
Media

Composition

•
•
•

Sand
Olivine
Aluminum
chloride
and ferric
chloride

Ammonia
Removal

TP
Removal

TN
Removal

Nitrite
Removal

Nitrate
Removal

Reference

-

70%-90%

-

-

-

Ayoub et
al. (2001)
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Further, the ORP, DO, and pH values obtained from the influent and effluent ports for the
clay and iron filing content variations provides a relationship between each parameter. The
decrease in ORP from the influent to the effluent ports in influent conditions 1 and 2 is observed
(Table 6) in clay content variation. The cause could be attributed to ammonia oxidation and nitrate
reduction due to the chemical interactions. The medium with 6% clay content has the highest
average ORP measurement indicating its higher capacity for oxidizing, whereas the 8% clay
content medium has the lower average ORP measurement indicating its lower oxidizing capacity,
while the 2% clay content media obtains a lower ORP indicating a lower oxidizing capability. The
correlation between high ORP and DO values suggests higher oxygen availability and oxidative
capability.
Similarly, there is a decrease in ORP between the influent and effluent ports in the iron
filing content variation (Table 8). Furthermore, the DO values increase from influent to effluent
for both component variations. However, these measured DO values were close in range. Thus, a
relation between TP, ammonia, and ORP can be addressed. When ORP variation is minimal and
nutrient concentrations are not reduced further, an equilibrium state can be considered. At this
point the chemical reaction has reached equilibrium, preventing further nutrient removal.
2.3.4. Chemical Interactions
Removal of phosphorus can be conducted via physical, chemical, and biological methods (Mateus
& Pinho, 2010). Removal of phosphorus can be obtained from the addition of ferrous ion (Fe (II))
or ferric ion (Fe (III)) to produce a precipitate. The iron composition is introduced from the iron
filing composition of the IFGEM 3 and even the stormwater characteristics. Phosphate
precipitation from ferrous and ferric ions are presented in the chemical reactions (Eq. 2.1 and 2.2)
(Ghassemi & Recht, 1971; Thistleton et al., 2002b).
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Fe2+ + H2 PO4 − = Fe3 (𝑃𝑂4 )2(𝑠) + H +
Fe+3 + PO4 3− = Fe𝑃𝑂4 (𝑆)

(2.1)
(2.2)

In ammonia removal, clay can serve as a medium for the ammonium ion to be adsorbed as
an ion exchange process (Lee et al., 2009). In other words, clay material serves as an ion exchange
for ammonium removal having a high cation-exchange. Clay also serves as a screen that can
prevent molecular particles from passing (Eturki et al., 2012). Ammonia in liquids can occur as
ammonium and ammonia, depending on the water characteristics, and the chemical reaction is
expressed in Eq. 2.3 (Eturki et al., 2012). Yet the interaction between iron ion and nitrate in a
liquid produces ammonia and ferrous ion (Eq. 2.3). This ferrous ion can further interact with
phosphate and aid in phosphorus removal, and the nitrate reduced to ammonium produced can be
recovered in the media (Ruangchainikom et al., 2006). The electron sharing reaction between
ammonium ion and ammonia is expressed in EQ.2.3. Further, the redox reaction between iron and
nitrate which produces ferrous ion and ammonium ion is described in Eq.2.4.
NH4+ + OH − = NH3 + H2 O
4Fe0 + NO3− + 10H3 O− → 4Fe2+ + N𝐻4+ + H2 O

(2.3)
(2.4)

As a result phosphorus removal may be achieved via chemical precipitation through the
production of Fe3(PO4)2 (Thistleton et al., 2002a) which can be achieved with the aid of iron filing
particles in the media matrix promoting precipitation (Figure 10). The negatively charged surface
of clay particles also effectively recovers phosphates (Moharami & Jalali, 2015). This implies that
nitrogen removal in the form of ammonia/ammonium can be recovered with the aid of clay
material through chemical reactions. Moreover, the resultant high ammonia and TP and TN
removal efficiencies obtained from the interaction of the IFGEM components indicate a great
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potential for nutrient recovery. Nitrogen and phosphorus fertilizers can be supplemented or
substituted by exhausted green sorption media (Bansiwal et al., 2006; Sibrell et al., 2009). Due to
the capacity for ammonia adsorption and phosphorus precipitation the reuse of the green sorption
media (IFGEM 3) as soil amendment or fertilizer substitute is sustainable.

Figure 10: Interaction of IFGEM 3 components in nutrient removal and recovery
2.3.5. Analysis of Variance
ANOVA was employed to determine if there was any considerable variation in the
experimental values obtained from the column study with regards to clay/iron variation, influent
conditions and the interactions between the two. The p-values obtained for average TN, TP and
ammonia removal for clay and iron filing content variation are presented in Table 10 and Table
11. Each analysis was considered statistically significant at a confidence interval of 95% (α=0.05).
The p-value for TN and ammonia removal for the clay and influent interaction and influent
condition specify acceptance of the null hypothesis. As a result, the mean TN and ammonia
removals for clay variations are not significantly different while demonstrating no interaction
between the varying influent conditions and clay contents. However, p-values for clay content
variation variable, denote rejection of the null hypothesis for the columns with 2% clay, while the
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other three columns denote acceptance of null hypothesis. This implies the average nutrient
removals for clay variations are the different for columns with 2%, whereas the average nutrient
removals for clay filing variations are the same for the other three columns. Similar, columns with
2% clay for clay content variations implies the acceptance of the null hypothesis and the average
nutrient removals for clay variations are the same for columns. Overall, the p-values for TP
removal for the clay content and influent variations specify interaction between influent conditions
and clay variations in the columns by rejecting null hypothesis. Moreover, the majority of p-values
for the individual clay content variations and the different influent conditions accept the null
hypothesis, thus TP removal for clay variations and verifying influent conditions are not significant
different.
In iron filing content most of p-values for TN and TP removals for the iron filing variations
and different influent conditions specify no interaction by accepting null hypothesis. Overall, the
p-values for individual iron filing content variation and influent conditions denote rejection of null
hypothesis suggesting significant difference in TN removal for these two variables. It is suggested
that the average TP removals for iron filing variations are not significantly different. However, the
p-value for the different influent conditions suggest TP removals for varying influent conditions
are the same. For influent condition variations the null hypothesis is rejected specifying ammonia
removal for different influent conditions are not the same. Approximately, the p-values for iron
filing variation show rejection of null hypothesis suggesting different in ammonia removals for
iron filing variations. Additionally, the majority of the p-values indicate rejection of null
hypothesis denoting an interaction between varying iron filing and influent conditions for
ammonia removal.
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Table 10: ANOVA and p-values for clay content variation
Columns

Interaction

Clay Content

Influent

Variation

Condition

TN Removal
2%clay vs. 4%clay

0.787

0.026

0.679

2%clay vs. 6%clay

0.342

0.011

0.671

2%clay vs. 8%clay

0.447

2.07(10)-4

0.762

4%clay vs. 6%clay

0.434

0.645

0.956

4%clay vs. 8%clay

0.530

0.836

0.958

6%clay vs .8%clay

0.904

0.326

0.271

TP Removal
2%clay vs. 4%clay

0.041

0.630

0.104

2%clay vs. 6%clay

9.54(10)-4

0.088

0.057

2%clay vs. 8%clay

0.309

0.036

0.514

4%clay vs. 6%clay

0.002

0.237

0.022

4%clay vs. 8%clay

0.253

0.100

0.188

6%clay vs. 8%clay

0.029

0.521

0.019

Ammonia Removal
2%clay vs. 4%clay

0.387

6.91(10)-3

0.368

2%clay vs. 6%clay

0.711

0.033

0.486

2%clay vs. 8%clay

0.209

1.78(10)-3

0.356

4%clay vs. 6%clay

0.264

0.357

0.779

4%clay vs. 8%clay

0.357

0.101

0.233

6%clay vs. 8%clay

0.199

0.028

0.491
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Table 11: ANOVA and p-values for iron filing content variation
Columns

Interaction

Iron Filing
Content
Variation

Influent
Condition

TN Removal
2.5% iron filing vs. 5% iron
filing
2.5% iron filing vs. 7.5%c
iron filing
2.5% iron filing vs.10% iron
filing
5% iron filing vs. 7.5% iron
filing

0.147

1.10(10)-4

0.135

0.526

0.051

0.002

0.531

1.78(10)-3

0.001

0.004

0.020

3.38 (10)-19

0.020

3.39(10)-19

0.234

8.09(10)-17

0.015

0.030

0.013

0.985

0.694

1.69(10)-3

0.062

0.083

3.84(10)-3

0.032

0.027

0.028

0.237

0.251

0.144

0.098

0.063

0.100

5% iron filing vs. 10% iron 3.71(10)-3
filing
7.5% iron filing vs. 10% iron 0.643
filing
TP Removal
2.5% iron filing vs. 5% iron
filing
2.5% iron filing vs. 7.5%
iron filing
2.5% iron filing vs. 10% iron
filing
5% iron filing vs. 7.5% iron
filing
5% iron filing vs. 10%iron
filing
7.5% iron filing vs. 10% iron
filing

Ammonia Removal
2.5% iron filing vs. 5% iron 0.026
filing
2.5% iron filing vs. 7.5% 0.556
iron filing
2.5% iron filing vs. 10%iron 0.026
filing
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8.58(10)-3

3.94(10)-16

0.139

3.47(10)-9

1.37(10)-3

7.52(10)-15

Columns

Interaction

5%iron
filing-7.5%iron 0.092
filing
5%iron filing vs. 10%iron 2.58(10)-6
filing
7.5%iron filing vs. 10%iron 0.268
filing

Iron Filing
Content
Variation
0.011

Influent
Condition

2.91(10)-8

6.33(10)-18

0.935

5.39(10)-9

9.59(10)-10

2.4. Final Remarks
The recipe for 2% clay, 83% sand, 10% tire crumb, and 5% iron filing content by volume proved
to be the optimal recipe for overall nutrient removal and recovery. When analyzing the ammonia
removal and recovery potential with respect to the influent and effluent ports, the media with the
2% clay and 5% iron filing content had the highest ammonia removal efficiency (95%-98%). The
highest TP removal varied among media with respect to each influent condition. Nevertheless, the
2% clay and 5% iron filing content media obtained high TP removals (81%-92%). Alike, the
highest TN removal (91%-94%) and NOX removal (92-95%) by IFGEM 3 was consistent for most
of the influent conditions. The effluent analysis of iron demonstrated varied results for each media
and influent condition analyzed. This suggests that the measured iron in the effluent is dependent
on sample collection and may not be representative of iron leakage. It is further concluded that all
mixes studied have the potential to recover ammonia and orthophosphate and thus variations in
the percent of iron filings (2.5-10% by volume) in the manufacturing of the media on a large scale
would not significantly reduce recovery potential.
As the overall nutrient removals for ammonia, TN, and TP were above 80% an adequate
medium for nutrient abatement is suggested. This high nutrient removal positions IFGEM 3 as an
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adequate nutrient recovery media for fertilizer or soil amendment implementation. Further, the
hydraulic conductivity of the 2% clay and 5% iron filing content media had the second highest
hydraulic conductivity. This can be beneficial in field stormwater applications as appropriate
hydraulic conductivity is essential for providing physical, chemical and biological nitrification and
denitrification for nitrogen removal. However, since nutrient performance in real world application
is unknown, future work would include the utilization of stormwater to determine the nutrient
removal and recovery potential for combined stormwater and reclaimed wastewater.
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CHAPTER 3: INTEGRATING FIXED-BED COLUMN STUDY AND
RESPONSE SURFACE MODEL FOR SCREENING THE INTELLIGENT
RECIPE OF GREEN ENVIRONMENTAL MEDIA TO IMPROVE
NUTRIENT REMOVAL
3.1. Introduction
The effects of contaminated water can be unprecedented with adverse impacts on various
levels of an ecosystem. A typical practice for nutrient abatement is utilization of sorption media
designed for nutrient removal and possibly recovery. Sorption media with a suite of green and
recycled aggregates such as BAM (Bio-Sorption Activated Media) (Hood et al., 2013; Jones, 2013;
O'Reilly et al., 2012b; Wen et al., 2018a), Iron-Filings based Green based Environmental Media IFGEM 1 (Chang et al., 2018b) and IFGEM 2 (Chang et al. 2018) have been investigated for
stormwater application. The media matrix by volume for the sorption media include 85% fine
sand, 10% tire crumb, 5% clay by volume for BAM, 96.2% sand, 3.8% ground iron-filing for
IFGEM 1, and 80% sand, 10% tire crumb, 5% clay, 5% ground iron-filing for IFGEM 2.
The common constituents of sand, clay, tire crumb and iron-filing shared by most of the
previous two green sorption media mixes have distinct properties that affect their removal
mechanism. Clay serves as an adsorbate for ammonia adsorption (Alshameri et al., 2018) and
nitrate reduction when in contact with the surface of iron particles (Zhang et al., 2011). Soil
compounds such as clay expand in wet conditions (Nieder et al., 2011), and can serve as an
adsorbent for ammonium, where adsorbed ions are maintained in an interchangeable form (Allani
et al., 2019). Increasing ammonium concentration adsorbed can also increase the electrostatic
interactions within the particle (Allani et al., 2019). A property of clay compounds is its acquired
negative charges balanced by cations such as ammonium, potassium (Nieder et al., 2011), sodium
and calcium ions (Moharami & Jalali, 2015). Allani et al. (2019) explored the interaction of
55

ammonium concentration and sorption equilibrium of clay. At lower initial ammonium
concentration, the equilibrium time was lower. An increase in ammonium fixation (adsorption)
was observed with contact time to a point where adsorption rate decreases.
Phosphate removal can be attained by chemical precipitation catalyzed by iron ions (Baken
et al., 2015) that can be products of iron-filing oxidation in the media. Phosphorus removal can be
achieved via precipitation and sorption methods (Erickson et al., 2007) in addition to biological
treatment, ion exchange, and filtration (Moharami & Jalali, 2015). Phosphorus can be present as
phosphate in the form of H3PO4 (pH< 2.16), H2PO4- (pH< 7.20), and HPO42- (pH< 12.35) (Erickson
et al., 2007; Stumm & Morgan, 1981). Additionally, sand, tire crumb, and clay may collectively
provide appropriate hydraulic conditions and particle surface for aiding in nutrient removal.
Moharami and Jalali (2015) investigated the removal of phosphorus from modified clays of zeolite,
calcite, bentonite, and kaolinite with FeCl3, CaCl2, and NaCl. The study determined the maximum
phosphorus sorption capacity was obtained from the clay materials containing iron. The
effectiveness of phosphorus removal in solutions from iron stems from its great affinity for Ocontaining ligands one being PO43- (Moharami & Jalali, 2015).
Water monitoring parameters such as dissolved oxygen (DO) and oxidation-reduction
potential (ORP) are important for determining the reactions proceeding. Both DO and ORP can
provide water quality characteristics and process stability (Zhang et al., 2018) as DO consumption
or production is affected by reaction. The consumption of DO has been related to oxidation of
organic carbon in stormwater (Datry et al., 2004; Datry et al., 2003), while ORP is reliant on
dissolved oxygen availability.
Experimental studies such as isotherm (Bulut & Aydın, 2006; Kalavathy et al., 2005;
Miranda-Trevino & Coles, 2003; Toor & Jin, 2012) and fixed bed column studies have been used
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for determining nutrient removal/recovery potential and sorption capacity for adsorption media
(Blecken et al., 2010; Bratieres et al., 2008; Hossain et al., 2010). In this study the effects of two
independent variables including clay and iron-filing content variation at distinct influent conditions
on the nutrient removal response are examined with response surface methodology modeling.
Response surface method (RSM) can be implemented to determine the optimum conditions in
addition to the determination of the input factors that yield maximum or minimum for a response
(Trinh & Kang, 2010). RSM has been employed for optimization of cadmium (Ghorbani et al.,
2008) and lead (Amini et al., 2008) biosorption, methylene blue adsorption (Liu et al., 2012), and
coagulation tests (Trinh & Kang, 2010).
3.1.1. Chapter Objectives
•

Validate the optimum IFGEM recipe determined from experimental column study from the
developed response surface model.

•

Examine if the RSM values associated with each independent variable (clay or iron-filing
content) always presents the consistent optimal recipe for each response variable such as
total nitrogen (TN), total phosphorus (TP) or ammonia removal efficiency

•

Utilize Analysis of Variance (ANOVA) to determine the adequacy of the RSM model to
predict the response variable and determine global optimal recipe of IFGEM.

3.2. Methodology
3.2.1. Experimental Setup
This study utilizes the experimental data obtained from a new fixed bed column study designed to
determine the optimum clay and iron-filing contents for a new green environmental media
57

(IFGEM-3: 2% clay, 83% sand, 10% tire crumb and 5% iron-filing contents by volume) based on
nutrient removal efficiencies for spiked influent. Triplicate columns of 7.62 cm (3 in) diameter
and 76.2 cm (30 in) long Polyvinyl Chloride pipes divided into three sections of lengths of 25.4
cm (10 inches) were utilized for each media combination. Each section within the column was
used for sampling purpose and remained sealed to prevent interference of outside source. The
study was divided into clay and iron-filing content variations for the initial determination of
optimal clay content and subsequently the iron-filing content, with a total of seven media recipes
tested. The initial portion varied clay contents while maintaining a fixed iron-filing content of 5%
by volume and then, the most promising clay content was fixed, and the iron-fling content was
varied (Figure 12). Based on the triple-column setting for each scenario, the seven distinct media
mixes in each column are referred as column A (2% clay, 5% iron-filing) , B (4% clay, 5% ironfiling), C (6% clay, 5% iron-filing), D (8% clay, 5% iron-filing), E (2% clay, 2.5% iron-filing), F
(2% clay, 7.5% iron-filing), and G (2%clay, 10% iron-filing) (Figure 11).
Three inlet conditions consisting of nitrate and phosphate aimed to mimic low and high
stormwater nutrient concentrations were utilized to spike distilled water. The influent
concentrations were 0.9 mg/L, 1.3 mg/L, 1.7 mg/L, and 0.3 mg/L, 0.5 mg/L, and 0.7 mg/L, for
nitrate and phosphate respectively, prepared with 1,000 mg/L nitrate and 50 mg/L phosphate
standard solutions. Before and after changing the influent concentration, the columns were flush
for 10 hours with water to prepare the media. The optimum clay and iron-filing content was derived
from the media mixture that produced the overall best average TP, TN and ammonia removal
efficiency for most influent conditions.
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Figure 11.Experimental setup for triplicate columns for column (A) 2% clay, 5% iron-filing, (B)
4% clay, 5% iron-filing, (C) 6% clay, 5% iron-filing , (D) 8% clay, 5% iron-filing ,(E) 2% clay,
2.5 5 iron-filing, (F) 2% clay, 7.5% iron-filing, (G) 2% clay, 10% iron-filing.

Figure 12.Optimal IFGEM recipe experimental process
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3.2.2. Material Characterization
The IFGEM-3 sorption media matrix was finalized as 2% clay, 83% sand, 10% tire crumb and 5%
iron-filing contents by volume. The clay obtained from Edgar Mineral, Inc (Edgar, Florida) has a
composition of 99.0% - 99.9% kaolinite (AlO32SiO22H2O) and 0.1%-1.0% crystalline silica
(SiO2). Kaolinite clay minerals from the kaolin group are the most common minerals of this group
(Barton, 2002). The basic structure of kaolinite is a 1:1 layer mineral containing one tetrahedral
and one octahedral sheet (Barton, 2002; Miranda-Trevino & Coles, 2003) sustained together by
van der Waals bonds (Barton, 2002).
The iron-filing aggregates were obtained from Connelly, Inc. This media mixture has a
hydraulic conductivity of 0.031 cm/sec, and a porosity of 25.54±1.03%. The individual
components of the media matrix provide physical and chemical properties that improve nutrient
removal and recovery potential. The clay, sand, and tire crumb aggregates work to provide
adequate hydraulic retention time (HRT) and surface area for desired nutrient removal. Further,
the reduction of iron in clay particles can affect hydraulic conductivity from the interaction
between moisture in clay and iron reduction (Stucki, 2006). Biofilm formation can occur at the
surface of clay particles based in its retention of moisture. In addition to providing adequate HRT,
clay can directly aid in ammonia adsorption and help nitrate reduction by attaching to iron
particles. The iron-filing particles provide iron ions that can precipitate phosphorus in chemical
reactions.
3.2.3. Chemical Reactions and Clay-Iron Interactions
Adsorption caused by the physical characteristics of the clay particles provide ammonia removal
and nitrate reduction (Lee et al., 2009) while phosphorus removal is primarily attained through
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chemical precipitation (Mateus & Pinho, 2010) from the presence of ferrous ion (Fe(II)) or ferric
ion (Fe(III)). The IFGEM-3 media provide iron ion from the iron-filing components in the media
matrix. Phosphate precipitation from ferrous and ferric ions are displayed in the chemical reactions
(Eq. 3.1, 3.2) (Ghassemi & Recht, 1971; Thistleton et al., 2002b; Zhang, 2012). The reduction
from ferric iron to ferrous ion permits phosphate to combine with ferrous ions to form a precipitate.
Further, this reaction can shift to the right increasing the solubility of ferric phosphate in a solution
(Eq.2). However, phosphate adsorption is also possible with clay minerals (Oh et al., 1999) and
enhanced adsorbents (Acelas et al., 2015; Lalley et al., 2016).
The presence of metallic ion as zero-valent is rare, and the dominant form of iron (Fe (II)
or Fe(III)) is dependent on the environment, where ferrous iron is the more soluble form (Lee et
al., 2002). Thus, ferrous iron is abundant in anoxic environments while ferric iron is dominant in
aerobic environments (Johnson et al., 2012), where the soluble iron exists as ferrous ion (Zhang,
2012).
3Fe2+ + 2H2 PO4 − + 8H2 O = Fe3 (𝑃𝑂4 )2 ∙ 8H2 O (s) + 2H +
Fe3 (𝑃𝑂4 )2(𝑠) = 3Fe2+ + 2PO4 −3

(3.1)
(3.2)

From ferrous iron, the equilibrium relation for orthophosphate and phosphate dissociation and
ferrous hydroxide precipitation are expressed as Eq. 3.3-3.5 and Eq. 3.6-3.8 (Ghassemi & Recht,
1971), respectively. The hydrolysis of iron in water produces iron (II) hydroxide contributing to
decrease in pH (Eq. 3.6) by producing iron (II) oxide-hydroxides contributing to hydrogen ions.
+
H3 PO4 = H2 PO−
4 + H

(3.3)

−3
H2 PO−
+ H+
4 = HPO4

(3.4)
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HPO4 = PO4 −3 + H +

(3.5)

Fe+2 + OH − = Fe(OH)+

(3.6)

Fe+2 + 2OH − = Fe(OH)2(𝑠)

(3.7)

Fe(OH)2(𝑠) + OH − = Fe(OH)−
3

(3.8)

Ammonia or ammonium can be eliminated from adsorption produced from the physical properties
of clay particles (Figure 13) from the capacity for clay to serve as an ion exchange for ammonia
removal (Eturki et al., 2012). Further, the ammonia produced from nitrate reduction can be
recovered from the media (Ruangchainikom et al., 2006).

Figure 13. Structure of Kaolinite Clay

The reaction pertaining to the transformation of ammonium ion to ammonia in water is expressed
as Eq. 3.9. In addition to the hydrolysis of water (Eq. 3.10). While the interaction of iron ion and
nitrate to produce ammonia and ferrous iron from the interaction by iron-filing surrounded by clay
is described in Eq. 3.11.
NH4+ + OH − = NH3 + H2
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(3.9)

H2 O = H + + OH −
4Fe0 + NO3− + 10H3 O− → 4Fe2+ + NH4+ + 13H2 O

(3.10)
(3.11)

In the presence of orthophosphate and ammonia two ammonium salts can be produced.
Ammonium dihydrogen phosphate or monoammonium phosphate is a product of exothermic
reaction between ammonia and phosphoric acid (Saueia & Mazzilli, 2006). The salt can be
implemented in alkaline soils in fertilizer applications (Jiao et al., 2012).
𝐴𝑙2 𝑂3 ∙ 2Si𝑂2 ∙ 2𝐻2 O + NH3 + H3 PO4 = NH4 H2 PO4(s) + 𝐴𝑙2 𝑂3 ∙ 2Si𝑂2 ∙ 2𝐻2 O(3.12)
The other product of these reactants is diammonium phosphate or diammonium hydrogen
phosphate (Saueia & Mazzilli, 2006). This salt is also utilized as a fertilizer ingredient or employed
for treating contaminated soil (McGowen et al., 2001; Thawornchaisit & Polprasert, 2009).
𝐴𝑙2 𝑂3 ∙ 2Si𝑂2 ∙ 2𝐻2 O + 2NH3 + H3 PO4 = (NH4 )2 HPO4(s) + 𝐴𝑙2 𝑂3 ∙ 2Si𝑂2 ∙ 2𝐻2 O(3.13)
Further, in the present of sulfate contaminated stormwater, ammonium sulfate (Eq. 3.14) a
common fertilizer compound can be attained from the product of ammonia and sulfuric acid. Iron
(II) sulfate can also form and react with ammonia producing hexaammineiron (II) sulfate solid.
NH3 + H2 SO4 → (NH4 )2 SO4(s)

(3.14)

Fe2 (SO4 )3 + 12NH3 = [Fe(NH3 )6 ]2 (SO4 )3

(3.15)

Further, in presence of magnesium, the reaction between magnesium, ammonium, and phosphate
in water can also form struvite, a white precipitate.
Mg 2+ + NH4+ + PO4−3 + 6H2 O → MgNH4 PO4(s) ∙ 6H2 O
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(3.16)

3.2.4. Response Surface Method (RSM)
With limited data sets collected from the fixed-bed column study, there is a need to generalize the
laboratory observations by a numerical method for screening the global optimal recipe of the
IFGEM. Response surface analysis can be employed to determine the optimal condition (Myers et
al., 2004). This is a form of empirical modeling to link the input/output parameters and explore
their relationship (Correia et al., 2005). The initial step requires the identification of the influencing
factors or variables. Screening experiments are conducted to determine the variables that have little
effect on the response and identify the significant variables (Myers et al., 2016). System response
has numerous dependent variables (such as temperature, concentration) in which only a couple are
critical (independent) variables. These variables can be used to determine the optimum system
performance and operating conditions (Mac Berthouex & Brown, 2002). The purpose for using
response surface method in our study is to determine the clay and iron-filing contents at which the
nutrient removal is maximum from which the best ammonia, TN, and TP removal efficiency can
be attained given three distinct influent conditions. The predicted model equation can be attained
from a response surface plot and contour plot (Baş & Boyacı, 2007).
The nutrient removal rate depends on the physicochemical conditions of the sorption media.
Thus, the clay and iron- filing constituents provide the means for TN, TP, and ammonia removal
efficiency through physicochemical reactions associated with these components. These
constituents become the experimental controlled variables (input/independent). A two level, two
factorial experimental design of 22 (four corner points) for the two experimental factors of clay
(𝑥1 ) and iron-filing (𝑥2 ) content is determined with a value of α= 1.189. The second-order response
surface model follows the form:
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𝑌𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽11 𝑥12 + 𝛽22 𝑥22 + 𝛽12 𝑥1 𝑥2 + 𝜀 (3.17)
Where 𝑌𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = response, 𝛽0 = constant, 𝛽1 , 𝛽2 , 𝛽11 , 𝛽22= coefficients of interaction variables,
𝑥1 = effects of clay content variation (input variables), 𝑥2 = effects of iron-filing content
variation, 𝑥1 𝑥2 = interaction between clay and iron contents. The predicted response (ŷ) was
calculated by first using the matrix equation and notation in Eq.3.18:
𝑦 = 𝑋𝛽 + 𝜀

(3.18)

where
𝑦1
𝑦2
𝑦 = [ ⋮ ],
𝑦𝑛

1 𝑥11
1 𝑥21
𝑋=[
⋮
⋮
𝑥
1
𝑛1

𝑥12 … 𝑥1𝑘
𝑥22 … 𝑥2𝑘
],
⋯ …
⋮
𝑥𝑛2 … 𝑥𝑛𝑘

𝛽1
𝛽2
𝛽 = [ ],
⋮
𝛽𝑛

𝜀1
𝜀2
𝜀=[⋮]
𝜀𝑛

For implementation of RSM the natural variables are coded (-1 to +1) as to normalize the
parameters (Baş & Boyacı, 2007), where x1 and x2 columns represent are coded variables.

𝑥𝑖1 =

𝜉𝑖1 −[max(𝜉𝑖1 )+min(𝜉𝑖1 )]/2

𝑥𝑖2 =

[max(𝜉𝑖1 )−min(𝜉𝑖1 )]/2
𝜉𝑖1 −[max(𝜉𝑖2 )+min(𝜉𝑖2 )]/2
[max(𝜉𝑖2 )−min(𝜉𝑖2 )]/2

(3.19)

(3.20)

Inputting the coded variables (Eq. 3.19, 3.20) of TP, TN and ammonia removal efficiency into the
matrix X and the experimental removal efficiencies into matrix y using the method of least squares
the fitted regression model is:
𝑦̂ = 𝑋𝑏
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(3.21)

where the least square estimate equation of β becomes:
𝑏 = (𝑋 ′ 𝑋)−1 𝑋 ′ 𝑦

(3.22)

For validation purposes the calculation of the coefficient of determination (R2) (Eq. 3.23) and
adjusted (R2) (Eq. 3.24) were employed to determine how satisfactory the RSM response projected
the experimental data.
𝑆𝑆𝐷

2
𝑅𝑟𝑒𝑠
= 1 − 𝑆𝑆𝐷𝑟𝑒𝑠
𝑡𝑜𝑡

𝑛−1

2
𝑅𝑎𝑑𝑗
= 1 − 𝑛−𝑝 (1 − 𝑅 2 )

(3.23)

(3.24)

where the 𝑆𝑆𝐷𝑟𝑒𝑠 is the sum of squares for the residual values, the total sum of square 𝑆𝑆𝐷𝑡𝑜𝑡𝑎𝑙 =
𝑆𝑆𝐷𝑟𝑒𝑠 + 𝑆𝑆𝐷𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 , n is the number of experiments (runs) and p is number of terms in the
model (variables). A coefficient of determination between 90-100% is proposed to provide
2
2
satisfactory model. The values of 𝑅𝑟𝑒𝑠
and 𝑅𝑎𝑑𝑗
should be within 0.20 to have sensible agreement

(Liu et al., 2014).
In congruence, the analysis of variance (ANOVA) was utilized to assess the adequacy and
significance of the RSM model. The experimental and predicted values for each response were
analyzed in ANOVA. The null hypothesis H0 specifies the lack of fit of the model is not significant,
while rejection of null hypothesis would indicate the lack of fit is significant. Moreover, in RSM
optimization similarity between the RSM model and objective function values is a form of validity
check (McDonald et al., 2007). The goal of optimization is to minimize the objective function
(Correia et al., 2005). The mathematical form for minimization is (Wei & Yuying, 2008):
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐹(𝑥) = (𝑂𝑏𝑗𝑇𝑃 , 𝑂𝑏𝑗𝑇𝑁 , 𝑂𝑏𝑗𝐴𝑚𝑚 )
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(3.25)

𝑂𝑏𝑗𝑓 = 0

(3.26)

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 2 ≤ % 𝑐𝑙𝑎𝑦 ≤ 8
2.5 ≤ % 𝑖𝑟𝑜𝑛 − 𝑓𝑖𝑙𝑖𝑛𝑔 ≤ 10
where 𝑂𝑏𝑗𝑓 is the objective function, 𝑂𝑏𝑗𝑇𝑃 , 𝑂𝑏𝑗𝑇𝑁 , 𝑂𝑏𝑗𝐴𝑚𝑚 are the objective functions for the
response variables of TP, TN and ammonia. The objective function for response i, 𝑂𝑏𝑗𝑖 expressed
in Eq. 3.27, with 𝑇𝑃𝑑 , 𝑇𝑁𝑑 , 𝐴𝑚𝑚𝑑 representing the desired experimental response values and
𝑇𝑃, 𝑇𝑁, 𝐴𝑚𝑚 the predicted response values.
𝑂𝑏𝑗𝑖 = (𝑇𝑃𝑑 − 𝑇𝑃) + (𝑇𝑁𝑑 − 𝑇𝑁) + (𝐴𝑚𝑚𝑑 − 𝐴𝑚𝑚)

(3.27)

3.2.5. Chemometric Analysis
The limited experimental data sets collected from the fixed-bed column study enable us to perform
a series of optimization analyses to examine the possible distributions of nutrient removal
efficiencies over ammonia, TN, and TP simultaneously although they are not lucid enough to
indicate the optimal recipe of IFGEM. Given that this is a multi-objective programming issue and
the trade-offs exist over three pollutants of interest in decision making, it is possible to conduct
the response surface method to sort out the optimal recipe for IFGEM in terms of each pollutant
of interest with respect to residual analysis and statistical assessment. Assume that these three
pollutants (i.e., ammonia, TN, and TP) share equal weight. Then it is possible to finalize the
screening and selection of an intelligent solution by taking these three pollutants into account
simultaneously and illustrate the rationale hidden behind in association with the clay-iron
interactions for the final solution (Figure 14).
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Figure 14. Chemometric Analysis and Intelligent Screening and Selection of IFGEM Recipes
3.3. Results and Discussion
3.3.1. Column Study Nutrient Removal
The mean nutrient removals at each sampling port corresponding to ammonia, TN, and TP and
standard deviations are summarized in Table 12 and Table 13 for clay and iron-filing percent
content, respectively. The optimal IFGEM-3 recipe of 2% clay, and 5% iron-filing percent content
by volume was selected based on the overall highest removal efficiencies for all influent
conditions. The general high nutrient removal for media of 2% clay and 5% iron-filing can be
attributed to clay and iron ratio and interaction. Although, high clay quantity can be advantageous
in ammonia adsorption, and excess clay can reduce TP and TN removal by minimizing the
interaction of clay and iron particles required for nitrate reduction and phosphorus precipitation.
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Table 12. Removal potential for all media mixes with clay content variations
Media

Sample Port

Condition 1

Condition 2

Condition 3

2% clay,

Ammonia removal % Port 1

-1901.85% (3.10)

-842.00% (2.600)

-2368.18% (2.47)

5% iron-

(Std dev)

Port 2

63.27% (0.400)

23.33% (0.105)

50.58% (0.172)

Effluent

98.17% (0.022)

96.11% (0.014)

95.14% (0.052)

TN removal % (Std dev)

Effluent

91.50% (0.063)

90.94% (0.027)

93.94% (0.032)

TP removal % (Std dev)

Port 1

84.49% (0.119)

81.65% (2.60)

90.59% (0.008)

Port 2

79.68% (0.104)

24.43% (0.105)

84.67% (0.056)

Effluent

83.76% (0.077)

81.10% (0.014)

91.76% (0.026)

filing

4% clay,

Ammonia removal % Port 1

-2798.99% (2.92)

-1650.98% (2.15)

87.52% (0.061)

5% iron-

(Std dev)

Port 2

66.70% (0.203)

50.58 % (0.272)

88.39% (0.034)

Effluent

87.21% (0.135)

77.10% (0.120)

79.98% (0.087)

TN removal % (Std dev)

Effluent

76.61% (0.213)

83.42% (0.016)

87.02% (0.010)

TP removal % (Std dev)

Port 1

78.66% (0.017)

85.61% (0.173)

87.52% (0.061)

Port 2

60.88% (0.204)

87.40% (0.028)

88.39% (0.034)

Effluent

93.00% (0.037)

79.11% (0.099)

79.98% (0.087)

filing

6% clay,

Ammonia removal % Port 1

-606.37% (1.030

-434.33% (1.47)

-1236.27% (7.12)

5% iron-

(Std dev)

Port 2

77.04% (0.124)

45.56% (0.272)

-64.91% (1.38)

Effluent

89.92% (0.080)

91.98% (0.046)

84.62% (0.124)

TN removal % (Std dev)

Effluent

87.76% (0.031)

83.08% (0.104)

83.99% (0.060)

TP removal % (Std dev)

Port 1

62.42% (0.131)

85.12% (0.026)

69.72% (0.012)

Port 2

75.68% (0.116)

89.41% (0.062)

65.29% (0.030)

Effluent

74.65% (0.048)

95.47% (0.018)

70.34% (0.033)

filing
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Media

Sample Port

Condition 1

Condition 2

Condition 3

8% clay,

Ammonia removal % Port 1

-385.86% (2.94)

-788.24% (0.038)

-1410.29% (4.53)

5% iron-

(Std dev)

Port 2

47.83% (0.341)

25.32% (0.099)

57.73% (0.167)

Effluent

61.46% (0.236)

70.61% (0.167)

85.39% (0.065)

TN removal % (Std dev)

Effluent

83.01% (0.001)

79.42% (0.061)

82.95% (0.059)

TP removal % (Std dev)

Port 1

69.43% (0.058)

74.13% (0.0380

86.79% (0.018)

Port 2

78.66% (0.23)

78.89% (0.099)

87.83% (0.030)

Effluent

78.43% (0.105)

78.37% (0.055)

76.90% (0.064)

filing

Table 13. Removal potential for all media mixes with iron-filing content variations
Media

Sample Port

Condition 1

Condition 2

Condition 3

2% clay,

Ammonia removal Port 1

-3775.76% (12.28)

-3701.19% (12.25)

-4191.11% (8.22)

2.5% iron-

% (Std dev)

Port 2

59.63% (0.172)

71.41% (0.138)

72.19% (0.103)

Effluent

80.27% (0.125)

95.01% (0.025)

89.75% (0.018)

% Effluent

71.88% (0.078)

83.79% (0.056)

80.24% (0.041)

% Port 1

27.74% (0.112)

89.80% (0.027)

91.05% (0.058)

Port 2

-90.89% (0.310)

88.97% (0.041)

90.80% (0.029)

Effluent

38.01% (0.354)

90.54% (0.052)

92.71% (0.013)

filing
TN

removal

(Std dev)
TP

removal

(Std dev)

2% clay,

Ammonia removal Port 1

-1901.85% (3.10)

-842.00% (2.600

-2368.18% (2.47)

5% iron-

% (Std dev)

Port 2

63.27% (0.400)

23.33% (0.105)

50.58% (0.172)

Effluent

98.17% (0.022)

96.11% (0.014)

95.14% (0.052)

filing
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Media

Sample Port
TN

removal

Condition 1

Condition 2

Condition 3

% Effluent

91.50% (0.063)

90.94% (0.027)

93.94% (0.032)

% Port 1

84.49% (0.119)

81.65% (2.60)

90.59% (0.008)

Port 2

79.68% (0.104)

24.43% (0.105)

84.67% (0.056)

Effluent

83.76% (0.077)

81.10% (0.014)

91.76% (0.026)

(Std dev)
TP

removal

(Std dev)

2% clay,

Ammonia removal Port 1

-5478.79% (10.63)

-4761.90% (6.68)

-5735.56% (7.97)

7.5% iron-

% (Std dev)

Port 2

76.78% (0.069)

72.01% (0.159)

11.50% (0.049)

Effluent

65.01% (0.182)

94.02% (0.024)

73.23% (0.285)

% Effluent

73.4% (0.089)

92.08% (0.009)

89.11% (0.058)

% Port 1

39.75% (0.263)

69.04% (0.434)

91.86% (0.022)

Port 2

52.59% (0.128)

89.23% (0.047)

90.22% (0.016)

Effluent

31.22% (0.438)

86.32% (0.062)

90.53% (0.013)

filing
TN

removal

(Std dev)
TP

removal

(Std dev)

2% clay,

Ammonia removal Port 1

-3089.43% (2.59)

-7751.2% (7.85)

-5436.23% (9.49)

10% iron-

% (Std dev)

Port 2

63.59% (0.100)

73.81% (0.039)

73.66% (0.109)

Effluent

63.94% (0.052)

78.95% (0.040)

87.94% (0.018)

% Effluent

78.36% (0.051)

91.89% (0.022)

92.92% (0.006)

% Port 1

32.91% (0.531)

85.59% (0.014)

93.78% (0.011)

Port 2

55.03% (0.197)

84.57% (0.067)

92.21% (0.020)

Effluent

79.26% (0.121)

90.07% (0.033)

93.35% (0.014)

filing
TN

removal

(Std dev)
TP

removal

(Std dev)
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The measured ORP, DO, and pH values for the sample ports for each clay and iron-filing
variation media can assist support the achievement of chemical reactions (Table 14 and Table 15).
The DO and ORP are often utilized as water quality monitoring parameters to establish the
characteristics of water (Hall et al., 2007). Change in ORP and DO can be indicators of process
efficiency and chemical reaction process. In our study, change in ORP and DO can be attributed
to the physicochemical reactions based on the interaction of clay and iron-filing particles affecting
TP, TN and ammonia removal. Overall, the ORP and DO decreased while the pH increased from
the inlet to port 1. However, there is little variation in the change of ORP and DO between port 1
and the effluent suggesting an equilibrium state. No further change in ORP and DO can indicate
the chemical reactions in the column have reached their maximum as no further reactions can
occur.
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Table 14. Average Measurements for ORP, DO, and pH for Clay Content Variation
Inlet

Condition
1

Condition
2

Condition
3

Port

2% Clay

4% Clay

ORP
(mV)

DO
(mg/L)

pH

ORP
(mV)

Inlet

247.73

10.26

7.70

Port 1

261.92

10.61

Port 2

265.34

Effluent

6% Clay

8% Clay

pH

ORP
(mV)

DO
(mg/L)

pH

ORP
(mV)

251.93

DO
(mg/L
)
11.07

pH

251.93

DO
(mg/
L)
11.07

6.89

269.70

9.97

7.83

8.51

231.30

11.76

8.05

278.06

9.51

8.13

261.49

10.61

8.17

10.33

8.47

238.12

11.17

8.24

280.02

9.66

8.14

254.28

11.06

8.23

263.18

10.25

8.29

255.87

10.83

8.00

287.62

9.30

8.19

241.97

10.75

8.44

Influent

340.73

10.80

7.19

235.30

9.80

7.64

340.73

10.80

7.19

235.20

9.80

7.64

Port 1

282.12

10.51

8.14

210.48

8.50

8.58

259.26

10.57

8.18

201.77

9.12

8.30

Port 2

280.71

9.77

7.89

212.47

8.14

8.43

260.61

10.51

8.20

207.14

9.17

8.39

Effluent

283.56

10.25

8.12

209.68

9.03

8.63

255.04

10.46

8.17

210.60

9.24

8.47

Influent

267.57

9.80

7.64

273.93

9.80

7.64

267.57

9.80

7.64

273.93

9.80

7.64

Port 1

206.86

8.50

8.58

210.48

8.50

8.58

201.77

9.12

8.30

215.74

9.12

8.30

Port 2

214.18

8.11

8.43

212.08

8.14

8.43

207.14

9.17

8.39

237.82

9.17

8.39

Effluent

224.00

9.03

8.63

209.68

9.03

8.63

210.6

9.24

8.47

236.26

9.24

8.47
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Table 15. Average Measurements for ORP, DO, and pH for Iron-filing Content Variation
Inlet

Condition
1

Condition
2

Condition
3

Port

2.5% Iron-filing

5% Iron-filing

7.5% Iron-filing

ORP
(mV)

DO
(mg/L)

pH

ORP
(mV)

DO
(mg/L)

pH

Inlet

289.77

9.297

7.19

247.73

10.26

Port 1

175.81

7.449

8.20

261.92

Port 2

208.39

8.350

8.07

Effluent

223.56

8.636

Influent

267.00

Port 1

pH

7.70 289.77

DO
(mg/
L)
9.30

7.19 249.37 9.61

7.08

10.61

8.51 101.53

7.43

8.58 170.44 8.17

8.42

265.34

10.33

8.47 111.07

7.85

8.44 170.13 7.97

8.36

8.09

263.18

10.25

8.29 157.93

7.93

8.61 221.24 8.96

7.68

8.95

7.37

340.73

10.80

7.19 267.00

8.95

7.37 277.33 11.22

7.31

151.20

7.24

7.42

282.12

10.51

8.14 53.30

7.12

8.90 239.84 10.69

8.51

Port 2

199.07

8.04

8.18

280.71

9.77

7.89 114.82

8.22

8.54 236.06 10.62

8.39

Effluent

178.50

8.58

8.31

283.56

10.25

8.12 213.40

8.70

8.31 244.34 10.71

8.11

Influent

348.83

10.85

7.61

267.57

9.80

7.64 348.83

10.85

7.61 224.73 9.89

7.80

Port 1

336.44

10.72

8.30

206.86

8.50

8.58 281.74

10.51

8.78 139.34 8.05

8.54

Port 2

328.00

10.75

8.39

214.18

8.11

8.43 254.17

10.97

9.00 173.11 9.19

8.37

Effluent

316.86

10.42

8.59

224.00

9.03

8.63 260.21

10.44

8.48 186.89 9.64

8.20
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ORP
(mV)

10% Iron-filing
ORP
(mV)

DO
(mg/L)

pH

3.3.2. Response Surface Method
The mean nutrient removal of triplicate columns for clay and iron-filing variation for each influent
condition accounted for 21 observations. The summary of the natural variables and their
corresponding coded variables with predicted responses are summarized on Table 16. Effluent
nutrient removal data and coded variables. The regression equation model for TP, TN and
ammonia removals become Eq. 3.28, Eq. 3.29, and Eq. 3.30, respectively. The response surface
and contour plots for each nutrient removal with respect to iron-filing and clay contents are
depicted on Figure 15. The experimental values are represented as points, the point with the blue
and orange color outline indicate the maximum and minimum values.
𝑦̂ = 83.60 + 0.33𝑥1 + 0.27𝑥2 − 5.84𝑥12 + 3.22𝑥22 − 17.34𝑥1 𝑥2

(3.28)

𝑦̂ = 85.15 − 2.33𝑥1 + 0.69𝑥2 + 1.30 − 5.59𝑥22 − 20.43𝑥1 𝑥2

(3.29)

𝑦̂ = 83.43 − 7.01𝑥1 − 0.33𝑥2 − 4.07𝑥12 − 3.72𝑥22 − 33.00𝑥1 𝑥2

(3.30)

The RSM model can be applicable for improving existing products or for the design,
application and development of new products (Baş & Boyacı, 2007). Therefore, the RSM should
provide insight as to the maximum and minimum effluent nutrient removals achieved from the
mean nutrient removals at the three influent conditions. The maximum TN and ammonia removals
are observed at the clay and iron-filing contents of 2% and 10%, and 8% and 2.5%, respectively.
The difference in optimal recipe is because it may not be possible to optimize all the objectives, as
one optimal objective can be the suboptimal for the other (Wei et al., 2009). Moreover, the
presence of high removal efficiencies at the two point of the saddle curves (Figure 15) suggest
suboptimal solutions at these two extreme locations. However, the most constant removal occurs
in the middle of the curve for clay contents of 2-6% and iron-filing contents of 5-7.5%. Further,
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lower nutrient removals are noted for 2% clay and 2.5% iron-filing for TP removal, and 8% clay
and 10% iron-filing for TN and ammonia removal, where less efficient nutrient removals occur at
the low and high clay and iron-filing content combinations. Thus, the optimal clay and iron-filing
contents determined as optimum from the column experiment does not appear as the maximum
but lie within the middle region with removal efficiencies between 70-90%. This may result from
the difference between the experimental and predicted removals from RSM model approximation.
The boundary for the maximum predicted nutrient removals is at 105% instead of the expected
100% removal in physical reality, being one a disadvantage of RSM modeling.
The relation between low clay and high iron-filing content and vice versa with respect to
high nutrient removal suggest that for optimal removal a difference between clay and iron-filing
content is required for physicochemical reactions to proceed. A high iron content would be
presumed to increase TP removal from phosphate precipitation, and this is demonstrated for the
highest iron-filing content. However, the occurrence of the maximum TP at the lowest iron content
and highest clay content implies adsorption by clay was the primary source of removal. However,
there is a second maximum removal for each response at the opposite clay and iron-filing variation.
For ammonia and TN removal maximum removal occurred at the same locations. Possible
increased in the reduction of nitrate to ammonium via precipitation with the presence of phosphate
could be favored from high iron-filing and low clay contents, thereby contributing to TN and
ammonia removals. Further, an increase in clay and decrease in iron content might place adsorption
as major source ammonia removal based on small quantity of iron present and the available void
space within clay particles augmenting nutrient adsorption from increased surface area. Further,
greater biofilm formation from retention of moisture on higher clay contents would aid in TN and
ammonia removal in real world applications.
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Table 16. Effluent nutrient removal data and coded variables
Natural

Coded Variables

variables
Runs/
obs.

Influent
condition

ξ1 %
Clay
content

ξ2 %
Iron
content

1

1

2

5

-1

-0.33

2

2

2

5

-1

3

3

2

5

4

1

4

5

2

6

83.76

𝑌̂ =
Predicted
response
(TP %
removal)
71.92

Y=
Response
(ammonia
%
removal)
98.17

𝑌̂= Predicted
response
(ammonia %
removal)

91.50

𝑌̂=
Predicted
response
(TN %
removal)
103.74

-0.33

81.10

71.92

90.94

103.74

96.1

101.14

-1

-0.33

91.76

71.92

93.94

103.74

95.14

101.14

5

-0.33

-0.33

93.00

81.18

76.61

90.62

87.21

88.94

4

5

-0.33

-0.33

79.11

81.18

83.42

90.62

77.1

88.94

3

4

5

-0.33

-0.33

79.98

81.18

87.02

90.62

79.98

88.94

7

1

6

5

0.33

-0.33

68.84

85.26

87.76

87.35

89.92

84.37

8

2

6

5

0.33

-0.33

95.47

85.26

83.08

87.35

91.98

84.37

9

3

6

5

0.33

-0.33

70.34

85.26

83.99

87.35

84.42

84.37

10

1

8

5

1

-0.33

78.43

84.14

83.01

93.93

61.46

87.44

11

2

8

5

1

-0.33

78.37

84.14

79.42

93.93

70.61

87.44

12

3

8

5

1

-0.33

76.90

84.14

82.95

93.93

85.39

87.44

13

1

2

2.5

-1

-1

38.01

63.05

71.88

110.93

80.27

103.60

14

2

2

2.5

-1

-1

90.54

63.05

83.79

110.93

95.01

103.60

X1

X2

Y=
Response
(TP %
removal)
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Y=
Response
(TN %
removal)

101.14

Natural

Coded Variables

variables
15

3

2

2.5

-1

-1

92.71

63.05

80.24

110.93

89.75

103.60

16

1

2

7.5

-1

0.33

31.22

83.66

73.40

91.48

65.01

95.26

17

2

2

7.5

-1

0.33

86.32

83.66

92.08

91.48

94.02

95.26

18

3

2

7.5

-1

0.33

90.53

83.66

89.11

91.48

73.23

95.26

19

1

2

10

-1

1

79.26

98.27

78.36

74.15

63.94

85.94

20

2

2

10

-1

1

90.07

98.27

91.89

74.15

78.95

85.94

21

3

2

10

-1

1

93.35

98.27

92.92

74.15

87.94

85.94
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(a)

(b)

(c)

Figure 15. Response Surface and contour plot depicting relationship between % clay and ironfiling content for (a) TP, (b) TN, and (c) ammonia removal. Red start signifies predicted
maximum removal.
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3.3.3. Model Validation of RSM
Model validation is required to determine the capacity of the RSM to model the response of
experimental data. Plotting residual versus predicted response can be utilize to exam the adequacy
of the practical part of the model (Figure 16). The plot of the residual versus the observation order
(number of experimental runs) allows the determination of drifts in the process (Trinh & Kang,
2010). The residual is calculated from the difference between the predicted and experimental Y
value (Figure 16). The normal probability plot for each predicted nutrient removal (Figure 18) can
indicate a departure from normal distribution. The random pattern in Figure 16 and Figure 17 show
a random distribution of the data. The fit of the data in the normal distribution probability plot
specifically for TP and TN removals indicate a reasonable linear pattern. However, there are
departures from the normal distribution at the tails of the curve. Since the middle data points lie
closer to the straight line the predicted response values at these locations are more likely to satisfy
the assumptions of normality.
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(b)

(a)

(c)

Figure 16. Plot of residual vs. predicted nutrient removal for (a) TP, (b) TN, and (c) ammonia
removal
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(b)

(a)

(c)

Figure 17. Plot of residual vs. observation number (runs) for (a) TP, (b) TN, and (c) ammonia
removal
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(b)

(a)

(c)

Figure 18. Normal probability plot of predicted (a) TP, (b) TN, and (c) ammonia removals.

According on the proximity between R2 and adjusted R2 values, the capacity of RSM for
model prediction is considered reasonable. The R2 value for the RSM model for predicting TP
removal of 0.963 and adjusted R2 of 0.961 where high with the inclusion of R2 of 0.984 and
adjusted R2 value of 0.983 for TN removal. However, the R2 of 0.692 and adjusted R2 of 0.676 are
lower for ammonia removal. This is supported by the slight deviation of the data points in the
normal probability plot of ammonia removal in Figure 18.
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3.3.4. Model Statistical Analysis
The p-value obtained from the analysis of variance (ANOVA) was utilized to evaluate the
significance between the individual factors and interactions, while the F-value provides a
measurement of adequacy. A p-values less than α (0.05) indicates the model’s lack of fit is not
significant at a confidence level of 95%. Further, if the Prob > F value is less than 0.05 it is
significant, however, if it is greater than 0.1 it is considered not significant (Hourmand et al., 2015).
The results from the p-values indicates the lack of fit of the RSM model for each response is not
significant, signifying the adequacy of the RSM model for each response. The appropriateness of
the RSM model is also supported by the results from the Prob> F values greater than 0.1 in Table
17.
Table 17. ANOVA results
Source
of Sum
of Degrees of Mean
FVariance
Squares
freedom
Square
value
(SS)
(D.F)
(MS)
TP % removal
RSM model 18.08
1
18.085
0.09
Error
7758.41
40
193.96
Total
7776.5
41
TN % removal
RSM model 18.27
1
18.2688
0.18
Error
3962.23
40
99.0558
Total
3980.5
41
Ammonia % removal
RSM model 2.9
1
2.897
0.01
Error
9677.62
40
241.941
Total
9680.52
41
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Prob>F

p-value

0.7617

0.7617

0.6699

0.6699

0.9134

0.9134

3.4. Final Remarks
Response surface method was utilized to model the TP, TN, and ammonia removal response in
relationship to clay and iron-filing content variations for three influent conditions. The
experimental fixed-bed column study determined the optimal IFGEM-3 recipe as 2% clay and 5%
iron-filing after considering the overall nutrient removal efficiency at all influent conditions
ranging from low to high nitrate and phosphate concentrations. A response surface was generated
from the predicted response values for TN, TP, and ammonia removal efficiencies. The response
surface generated two suboptimal conditions at 2% clay, 10% iron-filing and 8% clay, 2.5% ironfiling at each response. But 2% clay, 10% iron-filing, 10% tire crumb, and 78% sand was suggested
as the optimal recipe. Although, the optimal recipe determined by RSM was not in complete
agreement with the experimental determined recipe, the experimental recipe achieved adequate
removals in the response surface plots. However, this removal efficiency is related to the chemical
and physical interactions in the media, specifically with clay and iron-filing.
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CHAPTER 4: UTILIZATION OF OPTIMUM IRON FILINGS BASED
GREEN SORPTION MEDIA (IFGEM) RECIPE FOR STORMWATER
TREATMENT
4.1. Introduction
The prevention and abatement of contamination in surface and groundwater sources is
critical to prevent disrupting environments and reduce water treatment costs. Runoff pollution
from nonpoint sources is an increasing issue (Chang et al., 2004) caused mainly by the rapid
population and urban growth (Boserup, 2017; Commoner, 1991). Nutrients such as nitrogen and
phosphorus are two primary contaminants of concern in stormwater runoff. New technologies have
been developed for in situ treat of stormwater to prevent contaminants from reaching lakes,
streams, and other water bodies (O'Reilly et al., 2012c; Simon Beecham & BE, 2012). Biosorption
Activated Media (BAM) (Hood et al., 2013; O'Reilly et al., 2012b), Iron-filing Green
Environmental Medias IFGEM-1, IFGEM-2 (Chang et al., 2018c) and IFGEM-3, are three of
many developed green sorption media which have been proven to efficiently remove nitrogen and
phosphorus. However, only physicochemical properties have been explored for IFGEM-1 (Chang
et al., 2018a) and IFGEM-3. Thus, the exploration of the biological properties of IFGEM-1 and
IFGEM-3 are essential for field application due to its inclusion of iron aggregate. Iron and
aluminum are known as a phosphate precipitation metals (Roncal-Herrero et al., 2009), and have
been used for iron oxide coated sand (Khiadani et al., 2013; Zhang et al., 2010).
High concentrations of iron and aluminum ions become toxic to the environment (Baby et al.,
2010), and along with heavy metals, bacteria, and nutrients they can be transported in urban
stormwater runoff (Mason et al., 1999) originating from vehicle emissions, human activities
(Khiadani et al., 2013), road and roofs (Mason et al., 1999). In drinking water, dissolved iron and
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aluminum have drinking water quality standards to determine if they present a risk to human
health. However, these metals are regulated under guidelines established by the National
Secondary Drinking Water Regulations (NSDWRs) for aesthetic concerns (USEPA, 2017).
Secondary drinking water regulations (SDWR) which are guidelines and are not required to
comply with the standard for heavy metals and the maximum acceptable concentrations include
aluminum 0.05 to 0.2 mg/L, iron 0.3 mg/L and copper 1 mg/L, (EPA, 2018). Where the maximum
contaminant level goals (MCLG) for copper (at the tap) is 1.3 mg/L. However, previous studies
performed on soil have indicated that the presence of heavy metals decreases the microbial
bioactivity and population growth of the bacteria in N-cycle (Kandeler et al., 1996), thus it can be
presumed that natural soil does not have the adequate characteristics for enhanced nutrient removal
and recovery. The impact of copper in BAM and its effect on microbial community has also been
explored (Wen et al., 2018a).
The removal of nitrogen is strongly associated with the nitrogen-cycle in addition to
interactions between nitrification, denitrification, dissimilatory reduction to ammonium (DNRA)
produced by chemical reactions, plant uptake and microorganisms (O'Reilly et al., 2012b). During
the nitrogen cycle, nitrogen in the form of NH4+ is converted to NO3- through nitrification,
subsequently NO3- is converted to N2 by denitrification process, thus leaving the system. Aerobic
ammonia-oxidation bacteria (AOB) and nitrite-oxidation bacteria (NOB) form the first
nitrification pathway, complemented by denitrifying bacteria (denitrifiers) in one of the two nitrate
reducing pathways of dissimilatory nitrite reduction to nitrogen gas (Tugtas & Pavlostathis, 2007).
In the second nitrate reduction pathway, NO3- can also be converted to NH4+, by the dissimilatory
nitrate reduction to ammonia (DNRA) process, which analysis is important since it prompts an
increase of ammonia in the system while conserving N in the system (Giblin et al., 2013).
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Ammonia generation can occur from biological activity of DNRA bacteria in the presence of
nitrate and organic carbon as an electron donor (Tugtas & Pavlostathis, 2007). Furthermore,
anaerobic denitrification in anoxic conditions performed by ammonium-oxidation (annamox)
bacteria can oxidizes NH4+ with NO2- as electron acceptor to produce N2(Oshiki et al., 2016;
Sonthiphand et al., 2014).
Moreover, it is known that ferrous iron (Fe (II)) has the capacity to precipitate
phosphate(Thistleton et al., 2002b), however, the presence of ferrous iron can also impact the
microbial ecology since ferric iron (Fe (III)) can be reduced to ferrous state by iron reducing
bacteria(Straub et al., 1996). However, iron oxidation bacteria can oxidize ferrous iron in the
presence of nitrate. Anammox can act as nitrate dependent ferrous iron oxidation bacteria since it
oxidizes ferrous iron with nitrate as an electron acceptor(Strous et al., 2006), consequently, it can
also act as an ferrous iron reducing bacteria to reduce ferric iron with organic matter as an electron
donor(Van De Vossenberg et al., 2008). Although, the reduction of iron is predominant than the
oxidation of iron bacteria(Snoeyenbos-West et al., 2000).
Studies of dissimilatory iron-reducing bacteria and its process in aquifers(Kanso et al.,
2002; Wildung et al., 2004), and sediments has also have been undertaken(Cooper et al., 2016;
Todorova & Costello, 2006). Two of the major studied iron-reducing bacteria (IRB) include
Shewanella and Geobacter(Todorova & Costello, 2006). In sediments the bacteria species of
Geobacter are known for the reduction of ferric iron(Smith et al., 2013). Geobacter metallireducens
are a common metal reducer, which can reduce Fe(III) and Mn(IV) to Fe(II) and Mn(II)
(Snoeyenbos-West et al., 2000), which is beneficial given that Fe(II) is the most soluble form of
iron as it easier to precipitate (Lee et al., 2002). Although, two common iron-reducing species are
Geobacter sulfurreducens and the Geobacter metallireducens, the Geobacter metallireducens
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specie has more properties than its other counterpart such as the anaerobic oxidation of aromatic
hydrocarbons (Smith et al., 2013).
It can be hypothesized that 1) the annamox population will be enhanced by iron as a
component of the media 2) Denitrification will be more predominant in natural soil 3) IRB will
achieve higher population in IFGEM media. To answer these inquiries a column study with four
identical columns, each one filled with IFGEM-1, IFGEM-3, BAM and natural soil respectably
has been performed as explained in the method and material section.
Science Questions:
•

How efficient is the removal of TN, TP, ammonia and NOx regarding the spiked influent
nutrient stormwater conditions and external metal conditions?

•

How will iron filling as a media component in IFGEM-3 and IFGEM-1 alter the efficiency
of total phosphate removal and impact with the microbial ecology?

•

How will the microbial ecology differ between BAM and IFGEM in terms of nitrification,
denitrification, ammonification, and DNRA?
4.1.1. Chapter Objectives

•

Compare the ammonia, TP, TN removal potential of BAM, IFGEM-1, IFGEM-3 and
natural soil with stormwater

•

Investigate the effect that the influent stormwater conditions in terms of aluminum and iron
have on the removal/recovery potential of the different medias

•

Explore the microbial ecology in the developed sorption medias (IFGEM-1 and IFGEM3)

•

Determine the impact that iron filing content has on bacteria growth and nutrient removal.
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4.2. Methodology
4.2.1. Media and Soil Characteristics
For the performance of this experiment, three green sorption medias and natural soil were selected.
The natural soil for this study was collected from a basin (9B basin) located in Silver Springs, FL
close to Silver Springs State Park. The soil from this basin was utilized as a base for comparison
of removal at natural environmental with the three different sorption medias. The matrix percent
composition by volume for each sorption media is detailed in Table 18. Biosorption Activated
Media (BAM) was utilized as a comparison base for the addition of ground iron-filing as a media
component. IFGEM-1 and IFGEM-3 were utilized to explore their physicochemical and biological
performances.
Table 18. Media Matrix Composition
Composition

BAM

IFGEM-1

IFGEM-2

IFGEM-3

Sand (%)

85

96.2

80

83

Tire crumb (%)

10

--

10

10

Clay (%)

5

--

5

2

Iron filing (%)

--

3.8

5

5

4.2.2. Hydraulic Retention Time
A tracer study with rhodamine dye was conducted to determine the experimental hydraulic
retention time (HRT) for the natural soil, BAM, IFGEM-1 and IFGEM-3 media. Approximately 1
ml to 2 ml of diluted dye was added to the top of each column. Water samples were collected for
the effluent of each column in 10-15 min time intervals. Collected water samples were analyzed
immediately after collection by AquaFluorTM fluorometer (model: 8000-010). The measured
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concentration (ppb) vs. time (min) collected data was plotted to observe the hydraulic pattern of
the dye in each column.
4.2.3. Column Study
Four identical columns were constructed for this experiment. Each column consisted of a PVC
pipe with a diameter of 10 cm (4 in) divided into 3 sections of 30 cm (12 in) each, for media
sampling purposes. A filter with a layer of pebbles were placed at the bottom of each column
section to prevent clogging, and the column sections were sealed to prevent outside interference.
Columns identified with letter A, B, C and D, were filled with Natural Soil, BAM, IFGEM-1 and
IFGEM-3, respectively. Figure 19 illustrates the column study setup, including the location of
media sample port 1 and 2. The column study procedure began with an incubation period of 4
weeks, during which stormwater from a pond beside University of Central Florida student union
(12715 Pegasus Dr, Orlando FL, 32816) was utilized to constant feed each column. At the
culmination of the incubation period stormwater spiked with nitrate (1000 mg/L standard solution)
and phosphate (50 mg/L standard solution) to a concentration of 0.9 mg/L NO3- and 0.3 mg/L PO43(condition 1) was utilized to feed each column for 3 hours. Subsequently, water samples were
collected from the influent and effluent ports of each column. Finally, columns were flushed with
stormwater alone for more than 24 hours to counteract any possible media change due to the
influent condition. The same process (after incubation) was repeated for two more time-varying
influent conditions of 1.3 mg/L NO3- , 0.5 mg/L PO43- (condition 2) and 1.7 mg/L NO3-, 0.7 mg/L
PO43- (condition 3). The downward influent flow rate of 8 ml/min (2.33 in/hr) was maintained
constant with peristaltic pumps.
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Figure 19. Column study experimental setup. Column A corresponds to natural soil, column B
corresponds to BAM, column C corresponds to IFGEM 1 and column D corresponds to IFGEM.

4.2.4. Water Sample Collection and Analysis
During the biofilm incubation process, water samples from the stormwater collection pond were
collected on three occasions to obtain background information/composition of the stormwater. The
time interval in-between collection events were approximately 10 days. Additionally, water
samples from the influent and effluent ports of each column were collected at the culmination of
the 3-hour feeding time with condition 1, 2 and 3. Collected samples were analyzed in-house for
pH, ORP (Oxidation-Reduction Potential), and DO (Dissolved Oxygen) immediately after
collection. The instrument Waterproof Double Junction pH Testr® 30 was used to measure pH,
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while DO and ORP were measured using the instrument HACH HQ40D IntelliCAL/MTC101,
respectively.
4.2.5. Water Parameters
Water samples collected in triplicates were delivered to ERD laboratories (Environmental
Research and Design, Inc) for measurement of total nitrogen, NOx, ammonia, total phosphorus,
alkalinity, iron and aluminum within 24 hours of collection. The methods utilized for the parameter
analysis follows the “Standard Methods for the Examination of Water and Wastewater, 22 nd
edition”(Carranzo, 2012) and the methods identification number and name can be found on Table
19.
Table 19. Water parameter analysis methods
Parameter

Method

Total Nitrogen (TN)

SM-21, Sec 4500 NC

NOx

SM-21, Sec 4500-NO3, F

Ammonia

SM-21, Sec 4500-NH3, G

Total Phosphorus

SM-22, Sec 4500 P F

Alkalinity

SM-21 Sec. 2320 B

Iron (dissolved)

SM-22 Sec. 3111 B

Aluminum (dissolved)

SM -22 Sec. 3111 D

4.2.6. Moisture Content Analysis
To determine media samples moisture content about 1 to 1.5 grams of media was oven-dried at a
temperature of 104 °C for about 24 hours. At the end of this time, media samples were measured,
and the weight data was placed into Eq. 4.1 to obtain the moisture content (MC) from the different
media in percentage.
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𝑀𝐶 =

𝑊−𝐷
𝑊

∗ 100

(4.1)

where W= wet media weight, and D= dry media weight.
4.2.7. Physicochemical Interactions
The physiochemical interactions mainly by clay and iron can reduce nitrate, adsorb ammonia, and
precipitate and adsorb phosphate. The iron ion and nitrate interactions in water reduce nitrate
producing ferrous ion and ammonium (Eq. 4.2) which can be adsorbed by clay. The negative
charges relevant to clay particles enable the adsorption of cation such as ammonium, and
potassium to balance the charge (Nieder et al., 2011). Further, the precipitation of phosphate from
interaction ferrous or ferric ions and hydroxide from hydrolysis of water are expressed in Eq.4.3,
4.4, and 4.5. Aluminum a heavy metal also present in stormwater can form a low soluble solid in
the presence of phosphate (Eq. 4.6).
−
2+
4Fe0 + NO−
+ NH4+ + 13H2 O
3 + 10H3 O → 4Fe

Fe2+ + H2 PO4 − = Fe3 (𝑃𝑂4 )2(𝑠) + H +

(4.2)
(4.3)

Fe+3 + PO4 3− = Fe𝑃𝑂4 (𝑆)

(4.4)

Fe+2 + 2OH − = Fe(OH)2(𝑠)

(4.5)

Al+3 + PO4 3− = AL𝑃𝑂4 (𝑆)

(4.6)
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4.2.8. Media Sample Analysis
Media and soil samples were collected from the locations corresponding to the top, port 1 and port
2 of each column, two and four weeks after the beginning of the experiment (before the addition
of spiked stormwater) to access biofilm growth. All media samples were stored at -80 °C after
collection until conducting qPCR (real-time polymerase chain reaction) analysis.
4.2.9. Real-Time Polymerase Chain Reaction (qPCR)
Real time PCR analyses were applied to media and soil samples to retrieve microbial population
quantity. DNA extraction was performed via DNeasy PowerSoil Kit acquired from Qiagen by
following the steps indicated by the vendor. Primer and standards utilized were acquired from
ThermoFisher Scientific and GenScript. A 48 well plate was used analyzed via Step-One plus real
time PCR instrument. Each well composition was 10 µL of SybrGreen, 1.6 µL of primer (0.8 µL
forward and 0.8 µL reverse), 5 µL of sample and 3.4 µL of RT-PCR water. Table 20 provides a
summary of the primer and oligonucleotide sequence, qPCR running method in addition to the
reaction.
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Table 20. Summary of target bacteria primer, running method and reaction
Bacteria
(target gene)
Ammonia Oxidizing
Bacteria
(amoA)
Nitrite Oxidizing
Bacteria
(nxrAB)
Anaerobic
ammonium oxidation
(amx)

Denitrifying bacteria
(nirS)

Dissimilatory nitrate
reducing bacteria
(nrfA)

Iron-reducing
bacteria
(Gmet0909)

Primer
Name
amoA1F

Oligonucleotide Sequence

Running method

Reaction

Reference

GGGGTTTCTACTGGTGGT

𝑁𝐻3 + 𝑂2 → 𝑁𝑂2− + 3𝐻 + + 2𝑒 −

amoA2R

CCCCTKGSAAAGCCTTCTTC

Rotthauwe
et al.
(1997)

NSR113F

CCTGCTTTCAGTTGCTACCG

𝑁𝑂2− + 𝐻2 𝑂 → 𝑁𝑂3− + 2𝐻 + + 2𝑒 −

Dionisi et
al. (2002)

NSR1264
R
amx809-F

GTTTGCAGCGCTTTGTACCG

2 min 50 º C and 2
min 95º C; 45 cycles
[15 s at 95º C and 1
min at 62º C]
2 min 50 º C and 2
min 95º C; 45 cycles
[15 s at 95º C and 1
min at 62º C]

𝑁𝐻4+ + 𝑁𝑂2− → 𝑁2 + 2𝐻2 𝑂

amx1066R

AACGTCTCACGACACGAGCTG

Cd3AF

GTSAACGTSAAGGARACSGG

Snoeyenbo
s-West et
al. (2000);
Tsushima
et al.
(2007)
Azziz et al.
(2017)

R3Cd

GASTTCGGRTGSGTCTTGA

nrfA2F

CACGACAGCAAGACTGCCG

nrfA2R

CCGGCACTTTCGAGCCC

0909QF

ATTGCAACGACTGTCACGAT

0909QR

GGGATTATCCATTGCCTTGA

GCCGTAAACGATGGGCACT

2 min 50 º C and 2
min 95º C; 45 cycles
[15 s at 95º C and 1
min at 62º C]

2 min 50 °C and 10
min for 95 °C; 40
cycles [60 s at 95 °C;
60 s at 51 °C; and 60
s at 60°C]
2 min 50 °C and 10
min for 95 °C;40
cycles [ 30 s at 95 °C;
60 s at 60 °C; 60 s at
72 °C]
2 min 50 °C and 2
min 95 °C;45 cycles [
15 s at 95 °C; 60 s at
60.5 °C]

∗ 𝑁𝑂2− + 𝐹𝑒 2+ + 2𝐻 + → 𝐹𝑒 3+ + 𝑁𝑂 + 𝐻2 𝑂
**𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 + 𝐹𝑒 3+ → 𝐶𝑂2 + 𝐹𝑒 2+

+
−
−
𝑁𝑂−
3 + 2𝐻 + 2𝑒 → 𝑁𝑂2 + 𝐻2 𝑂
∗∗∗ 𝑁𝑂2− + 2𝐻 + + 𝑒 − → 𝑁𝑂 + 𝐻2 𝑂
2𝑁𝑂 + 2𝐻 + + 2𝑒 − → 𝑁2 𝑂 + 𝐻2 𝑂

𝑁2 𝑂 + 2𝐻+ + 2𝑒− → 𝑁2 + 𝐻2 𝑂
2 𝐶𝐻2 𝑂 + 𝑁𝑂3− + 𝐻2 𝑂 → 𝑁𝐻4+ + 𝑆𝑂4−2

Yin et al.
(2017)

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 + 𝐹𝑒 3+ → 𝐶𝑂2 + 𝐹𝑒 2+

Stults et al.
(2001)

*chemical iron oxidation of Fe (II) and NO2- ** Iron reduction by iron reducing bacteria *** step in denitrification performed with the aid of enzyme nirS
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4.3. Results and Discussion
4.3.1. Hydraulic Pattern and Water content
The results of the hydraulic pattern for each column is presented in Figure 20. The peak
corresponding to the highest measured effluent rhodamine dye concentration in each column was
utilized as an indication of when the dye exited the column. The time corresponding to this
observed peak was determined as the measured hydraulic retention time. The extensive hydraulic
retention time (HRT) of 12.1 hours (726 min) was observed in natural soil, while IFGEM-3 and
IFGEM-1 experienced similar hydraulic retention times of 2.28 hours (137 min) and 2.25 hours
(124 min), respectively. The shortest hydraulic retention time was observed in BAM at 1.22 hours
(73 min).

102

a)

b)

15

3
2.9

Concentration (ppb)

Concentration (ppb)

14
13
12
11
10
9
8

2.8
2.7
2.6
2.5
2.4
2.3
2.2
2.1

7

2
0

2

4

6

8

10

12

14

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

Time (hours)

Time (hours)

3.5

c)

d)

Concentration (ppb)

Concentration (ppb)

3
2.5
2
1.5
1
0.5
0

2.5
2
1.5
1
0.5
0

0

0.5

1

1.5

2

2.5

3

3.5

4

0

Time (hour)

0.5

1

1.5

2

2.5

3

3.5

4

Time (hour)

Figure 20. Hydraulic characteristics for (a) natural soil, (b) BAM, (c) IFGEM-1, and (d) IFGEM3
The moisture content is indicative of the moist environment of the media during biofilm
cultivation and the effect of infiltration. The results of the soil moisture for each column section is
delineated in Table 21 and Figure 21. For natural soil and BAM, the moisture contents at each
location remained comparable between week 2 and week 4. From week 2 to week 4 the moisture
content decreased at the top of IFGEM-1 but increased for the other locations. Similarly, the
moisture content for IFGEM-3 decreased at the top from week 2 to week 4, but an increase in
moisture content was observed for the middle and bottom locations. The low moisture contents at
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week 4 at the top location of IFGEM-1 and IFGEM-3 could be a product of conduits formed in the
top section that caused a faster infiltration thus retaining less water moisture in these locations.
Table 21. Moisture content for natural soil, BAM, IFGEM-1 and IFGEM-3 after 2 and 4weeks of
biofilm cultivation
Moisture Content Week 2
Location

Nat. Soil

BAM

IFGEM-1

IFGEM-3

Top

21 %

20 %

17 %

18 %

Middle

20 %

21 %

16 %

17 %

Bottom

19 %

19 %

10 %

18 %

Average

20 %

20 %

14 %

17 %

Moisture Content Week 4
Nat. Soil

BAM

IFGEM-1

IFGEM-3

Top

22 %

20 %

12 %

8%

Middle

23 %

18 %

19 %

20 %

Bottom

18 %

18 %

19 %

24 %

Average

21 %

19 %

17 %

17 %

(b) 30%

25%

Moisture Content (%)

Moinsture Content (%)

(a)

Location

20%
15%
10%
5%

25%
20%
15%
10%
5%
0%

0%
Top
Natural Soil
IFGEM 1

Port 1

Top
Port 1
Natural Soil
IFGEM 1

Port 2
BAM
IFGEM 3

Port 2
BAM
IFGEM 3

Figure 21. Media moisture content at different sample locations (Top, Port 1, and Port 2) in (a)
week 2 and (b) week 4.
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The hydraulic characteristics can reflect the impact of biological activity from media
components and biofilm growth. Conversely, excessive biofilm growth can decrease infiltration
thus impacting hydraulic retention time. Furthermore, longer hydraulic retention time of natural
soil can be linked to the high clay component which significantly decreased water infiltration while
ponding the influent at the top section. This promotes sections of anaerobic conditions at the top
and port 1 and aerobic conditions at port 2. The difference between the hydraulic retention time of
BAM and IFGEM-1 and IFGEM-3 can also be connected to the iron filing particles and its possible
effect on surface area and biofilm growth. The hydraulic characteristics of IFGEM-3 and IFGEM1 contributing to more contact time necessary for nutrient removal.
4.3.2. Nutrient Removal
The capacity for natural soil, BAM, IFGEM-1 and IFGEM-3 for TN, TP and ammonia removal
was determined from the mean effluent concentrations. TN removal was comparable for column
C (IFGEM-1) and D (IGEM-3) achieving the highest TN removals (Figure 22). The highest TN
removal of 85.39% was attained by IFGEM-1 for condition 1 (0.9 mg/L nitrate, 0.5 mg/L
phosphate). and high TN removal of 96.86% was obtained by IFGEM-3 for condition 2 (1.3 mg/L
nitrate, 0.5 mg/L phosphate). The second highest TN removal of 93.94% was obtained by IFGEM1 for condition 3 (1.7 mg/L nitrate, 0.7 mg/L phosphate) followed by IFGEM-3 with a TN removal
of 94.35%. Natural soil and BAM achieved lower TN removal in the range of 46-73% for natural
soil and 48-70% for BAM at the three conditions. In addition, high NOx removal was observed by
IFGEM-1 and IFGEM-3 followed by BAM with the maximum NOx removals being 91-92%.
A trend was not as apparent throughout the different influent conditions for TP removal.
The highest TP removals where achieved by IFGEM-1 with TP removal of 81.65% for condition
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1, IFGEM-3 with TP removal of 76.38% in condition 2, and BAM with 92.81% in condition 3
followed by IFGEM-1. However, IFGEM-1 had a 91.64% TP removal in condition 3. Overall, TP
removal increased from natural soil, BAM, IFGEM-1 and IFGEM-3, with natural soil having
limited TP removal. Furthermore, ammonia removal is observed for majority of the columns with
the exception of ammonia generation occurring for IFGEM-1 in condition 1, natural soil and
IFGEM-1 in condition 2. This generation in ammonia can be a product of biological activity from
DNRA in addition to insufficient biological uptake by AOB, and limited adsorption from clay
particles Ammonia removal was small at condition 1 with natural soil and IFGEM-3 achieving
ammonia removal of 35.64%, and 29.56%, respectively. Displaying higher ammonia removal of
82.56% and 91.34% for IFGEM-3 in condition 2 and 3, followed by BAM with 61.63% in
condition 2 and IFGEM-1 with 63.01% in condition 3.
The concentration of NOx, ammonia and DON components of TN obtained from the
difference between the measured TN, NH3, and NOx for each column are delineated in Figure 23.
Natural soil and BAM obtained the highest effluent TN concentrations, the primary components
were NOx followed by ammonia. The lower TN concentrations were achieved by IFGEM-1 and
IFGEM-3. The segment of ammonia concentration of the total TN also mirrors ammonia removal.
The large quantity of ammonia correlates with ammonia generation by IFGEM-1 in condition 1
and natural soil in condition 2. Similarly, large NOx concentrations experienced by natural soil
and BAM correspond the lower TN removal at all conditions, and IFGEM-1 at condition 2. Lastly,
the dissolved iron and aluminum present at the influent and effluents display high dissolved
aluminum in the effluent of BAM and slightly lower concentrations for natural soil IFGEM-1 and
IFGEM-3 (Figure 24). The dissolved iron concentration fluctuates for each column at every
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condition with noticeable decrease in IFGEM-1 at all conditions and natural soil, BAM, IFGEM1 at condition 3.
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Figure 22. Total nitrogen (TN), total phosphorus (TP), ammonia (NH3), and nitrate-nitrite
(NOx)% removal for (a) condition 1, (b) condition 2, and (c) condition 3
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Figure 23. NOx (nitrate-nitrite), ammonia, and DON (dissolved organic nitrogen) concentrations
for (a) condition 1, (b) condition 2, and (c) condition 3
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Figure 24. Dissolved iron and aluminum for (a) condition 1, (b) condition 2, and (c) condition 3
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Table 22. Summary of mean removal efficiencies
Column

Port

Total

Total

NOx

Ammonia

Dissolved

Dissolved

Alkalinity

Nitrogen

Phosphorus (%)

(%)

(%)

Iron

Aluminum

(%)

(%)

(%)

(%)
Influent= 0.9 mg/L Nitrate, 0.3 mg/L Phosphate
A

Effluent

73.14

10.11

75.94

35.64

-5.01

-40.10

-166.04

B

Effluent

55.10

28.84

60.13

22.93

-144.88

-5075.25

-14.40

C

Effluent

85.39

81.65

98.76

-61.95

89.98

43.07

26.79

D

Effluent

80.83

50.19

98.85

29.56

-38.78

-63.37

4.91

Influent= 1.3 mg/L Nitrate, 0.5 mg/L Phosphate
A

Effluent

46.09

-176.82

72.49

-191.86

-118.42

7.60

-162.05

B

Effluent

48.28

4.19

49.89

61.63

-95.61

-171.93

-13.66

C

Effluent

90.46

60.26

98.56

-22.09

46.49

43.27

15.27

D

Effluent

96.86

76.38

99.81

82.56

-89.47

45.03

21.69

Influent= 1.7 mg/L Nitrate, 0.7 mg/L Phosphate
A

Effluent

66.62

63.85

71.76

56.94

41.22

63.11

-121.23

B

Effluent

70.70

92.81

69.85

29.77

62.60

-47.95

25.03

C

Effluent

93.94

91.64

99.23

63.01

62.60

95.08

34.86

D

Effluent

94.35

92.43

99.87

91.34

76.34

50.00

31.68
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The nutrient removals demonstrate promising results for IFGEM-1 and IFGEM-3 (Table
22). The high TN removal efficiencies of IFGEM-1 and IFGEM-3 demonstrate the removal effect
the interaction between iron and clay have in nitrate reduction from adsorption at the surface of
the particles(Zhang et al., 2011). Further, the NOx and ammonia components of TN composition
(Figure 23), confirm the TN and ammonia removals of the media. The presence of iron attached
to the clay particles promoting ammonia removal for IFGEM-3. Higher ammonia removal is
observed for the higher influent concentration as an increase in adsorption rate. Adsorption sites
become increasingly surrounded by ammonium when initial concentration increases (Jing et al.,
2017). Ammonium fixation has been found to be affected by soil moisture (Nieder et al., 2011).
According to Allison et al. (1953); Gouveia and Eudoxie (2007) soil moisture can lower NH4+
fixation in wet environments. However, increase fixation under wet environments has been
observed (Chen et al., 1987; Nieder et al., 2011). The TP removals observed for BAM, IFGEM-1
and IFGEM-3 indicate removal via phosphorus precipitation and adsorption. The primary form of
TP removal from IFGEM-1 and IFGEM-3 supports the contribution of iron ion in precipitate
formation. The percent TP removal for IFGEM-3 is less than the other medias for condition 3 as
composed to condition 1 and 2. Suggesting that high nutrient conditions do not favor TP removal
for this media. However, overall the TN and TP removals are the highest and very close in range
to IFGEM-1.
The presence of heavy metals such as zinc, chromium, cobalt, and aluminum are common in
natural environments (Choksi & Joshi, 2007). These pollutants can be dispersed to waterbodies
from stormwater runoff. The high concentration of dissolved aluminum suggests BAM could have
been more likely to release more dissolved aluminum than the other medias. Less dissolved
aluminum in the effluent of IFGEM-1 and IFGEM-3 is observed as a possible interaction between

111

aluminum and phosphate precipitation (Figure 24). Aluminum has stronger bonds difficult to
displace from its reactiveness (Tassist et al., 2010). Thus, the interaction of aluminum and
phosphate ion has stronger precipitate formation than iron for phosphorus removal (Atkári et al.,
1996). Overall, total phosphorus removal is greater in columns with IFGEM-1 and IFGEM-3.
Bioadsorption (Tassist et al., 2010) and adsorption of aluminum onto clay(Choksi & Joshi, 2007)
could have also helped the dissolved aluminum removal in the columns. According to Choksi and
Joshi (2007) the removal of aluminum (III) ions by clay, starch, charcoal (activated and wood)
were adequate. The most stable form of Al(III) exists at a pH between 7 to 7.5 (Choksi & Joshi,
2007).
Overall, the dissolved iron concentrations measured at the effluent for natural soil and the three
media at all influent conditions lie below the secondary drinking water regulations (SDWR) of 0.3
mg/L of iron (EPA, 2018).. Suggesting the iron concentration of the treated influent to be
acceptable in drinking water standards and thus does not affect public health. Albeit BAM
exhibited the highest aluminum concentrations at the three influent conditions, the concentrations
at condition 2 and 3 are below the SDWR of 0.2 mg/L (EPA, 2018). On the contrary, the aluminum
effluent concentration for BAM at condition 1 was 17.5 times highest then the SDWR. However,
these regulations are not required to be met since the concentrations do not pose any harm to
humans and or for aesthetic reason as a result, they are not required to comply with the drinking
water standards.
4.3.3. Water Quality Parameters
Changes in pH, ORP, DO and alkalinity are some of the first indicators of variations in water
quality characteristics. The measurements of pH, ORP (Oxidation-Reduction Potential), and DO
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(Dissolved Oxygen) for the fresh stormwater nutrient spiked influent and corresponding effluent
are shown in Table 22. Overall, the pH in the effluent increased for every column with the highest
pH achieved by natural soil. In general, when comparing the first influent conditions, the ORP in
the effluent declined in order from natural soil, IFGEM-3, and IFGEM-1. However, for the nutrient
condition 2 and 3, the ORP decreases from natural soil, IFGEM-3 and IFGEM-1. Further, the
effluent ORP for BAM is the highest, even surpassing the influent for most conditions. Similarly,
BAM has the highest effluent DO followed by natural soil. Further, IFGEM-1 and IFGEM-3
exhibit the lowest DO with column D having the smallest DO measurement for condition 1 and 2.
The alkalinity increased between the influent and effluent of natural soil, however similar or lower
values to the influent were observed for BAM, IFGEM-1 and IFGEM-3 at all conditions (Figure
25). In general, the DO concentration is high for high alkalinity concentrations with a decreasing
trend from natural soil to IFGEM-3.
Table 23. Average pH, ORP and DO measurements of column study
Column

Port

Influent 1

Influent 2

Influent 3

pH

ORP

DO

pH

ORP

DO

pH

ORP

DO

Influent

8.13

319.47

8.33

7.80

256.05

8.05

7.48

192.63

7.76

A

Effluent

8.56

294.87

8.63

7.94

115.57

9.04

8.26

156.57

8.85

B

Effluent

8.31

340.80

8.91

7.58

125.50

9.07

8.09

232.63

9.10

C

Effluent

8.00

110.87

7.32

7.83

48.90

5.40

8.23

53.77

6.05

D

Effluent

8.34

95.50

4.37

7.87

62.30

4.19

7.96

174.93

6.54

†Influent 1: 0.9 mg/L Nitrate, 0.3 mg/L Phosphate, Influent 2: 1.3g/L Nitrate, 0.5 mg/L Phosphate,
Influent 3: 1.7 mg/L Nitrate, 0.7 mg/L Phosphate.
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Figure 25. Alkalinity and DO measurements for (a) condition 1, (b) condition 2, and (c)
condition 3
The variation of pH, ORP, DO and alkalinity in each media effluent provides insight to the
water characteristics. ORP can be used for monitoring parameter to assess process stability (Zhang
et al., 2018) being a more consistent process control parameter than pH and DO because of higher
signal range (Lackner & Horn, 2012). Nitrate reduction from iron ion can be affected by pH ,
where pH less than 5 is preferred as nitrate reduction rates decrease with increasing pH (Bao et al.,
2017). The quantity of DO can inhibit or promote microbial growth based on the available oxygen
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in the biofilm. Nitrification by AOB has been found to decreased with increase in DO
concentration as it can be fostered by oxygen limitation (Chandran et al., 2011; Peng et al., 2015).
Further, alkalinity can be used as an indicator of microbial growth from the relation between
consumption and biological activity.
4.3.4. Real-time Polymerase Chain Reaction (qPCR)
The population density of the microbial community responsible in the nitrogen cycle were
evaluated via qPCR (real-time Polymerase Chain reaction) for natural soil and three sorption media
at the second and fourth week of biofilm cultivation. The primary participants based on their
population densities are NOB (Nitrite-Oxidizing Bacteria), denitrifiers, and DNRA (Dissimilatory
Nitrate Reducing Bacteria). While the population of AOB was the least abundant and the
population of anammox was determined to be under detection limits in all columns for both
sampling periods. Furthermore, the population quantity of AOB was significantly lower in week
2 and increased in week 4 being quantified in the top (location1) of all the medias and the port 2
(location 3) of the natural soil (Figure 26). In general, the density of NOB in natural soil decreased
from week 2 to week 4 with highest quantities at the top (location 1) and port 2 (location 3). NOB
population increased from week 2 to week 4 for BAM, IFGEM-1 and IFGEM-3 with significant
quantities at location1 (top). Denitrifier population increased from week 2 to week 4 at all media
locations except for location 1 (top) in natural soil, and location 2 (port 1) in BAM. A decrease in
DNRA density between week 2 and week 4 is observed for location 1 and 2 for natural soil with
an increase in population for BAM, IFGEM-1 and IFGEM-3. Lastly, the IRB microbial population
was primarily detected at the top section (location 1) in week 2, with a decrease in population
density in week two with the exclusion of location 2 in natural soil and location 1 in IFGEM-1.
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Figure 26. Population density for (a) AOB, (b) NOB (enzyme nxrAB), (c) denitrifiers (enzyme
nirS), (d) DNRA bacteria (enzyme nrfA), (e) IRB (G. metallireducens) in copy/gram for samples
collected at week 2 and week 4 of cultivation. Location 1 corresponds top section, location 2
corresponds to port 1 and location 3 to port 2.

The nitrogen cycle can proceed via both chemical and biological reactions and interactions.
The removal of nitrogen is strongly associated with the nitrogen-cycle in addition to interactions
between nitrification, denitrification, dissimilatory reduction to ammonium (DNRA) produced by
chemical reactions, plant uptake and microorganisms (O'Reilly et al., 2012b). A comparison
between the change in microbial community in the biofilm during the second and fourth week of
cultivation was possible in this study. The results revealed denitrifiers to be the most prominent
microbial specie followed by DNRA and NOB the latter suggesting the aerobic nitrification
pathway to be the leading pathway for nitrate oxidation. The anammox population densities were
under detection limit signifying that anaerobic ammonium oxidation was not favored in the biofilm
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and in turn, nitrate reduction was achieved by denitrifiers. The large DNRA population density at
week 4 of biofilm cultivation in BAM, IFGEM-1 and IFGEM-3 indicates increase in ammonia
production with nitrate consumption (Figure 22). However, ammonia removal was achieved from
physicochemical characteristics in each media and biological uptake from AOB. The depletion of
DO availability and alkalinity from BAM, IFGEM-1, and IFGEM-3 suggests the presence of
nitrification. This corresponds with NOB population densities observed in natural soil, BAM, and
IFGEM-3. However, IFGEM-1 exhibited the smallest NOB population and low alkalinity
implying alkalinity and DO consumption from chemical reactions. In addition, the DNRA and
NOB population trend are at each section are similar (Figure 26). Although, adequate nutrient
removal was not attained by natural soil the population densities of AOB, NOB, and DNRA
densities were more abundant for natural soil.
The microbial interaction between these microorganisms was possible from their role in
the transformation of nitrogen species in aerobic and anaerobic environments. In nitrification AOB
converts ammonia/ammonium under aerobic conditions to nitrite. This product is then utilized by
NOB to produce nitrate. However, the requirement of nitrite by anammox as an electron acceptor
under limited oxygen environments can produce a dependence on AOB for nitrite production and
a competition with NOB for nitrite acquisition. The absence of anammox with the large NOB
population densities suggests the competition between these two microbial species. As NOB was
able to uptake nitrite in oxygen available environments faster than anammox in anaerobic
environments.
The interaction of IRB in the nitrogen cycle and utilization of organic nitrogen and ferrous
ion was observed. The decrease in population density of IRB from week 2 to week 4 implies the
impact ferrous ion utilization in the chemical and physical reactions had on IRB cultivation.
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Overtime iron was exhausted more rapidly by the physicochemical reactions contributing to
phosphate removal, and nitrate reduction thus decreasing the availability of ferrous iron for
microbial uptake. Moreover, IRB may have been inhibited by the utilization of organic nitrogen
by nitrification and denitrification bacteria.

Figure 27. Microbial community interaction in the nitrogen cycle
4.4. Final Remarks
The nutrient removal capacities of four columns containing distinct soil mediums were
assessed at three stormwater spiked nutrient condition levels. Iron-filing green sorption media,
IFGEM-1 and IFGEM-3 achieved the highest nutrient removal for nitrate and phosphate spiked
stormwater. High removal efficiencies for TN of 80-97%, TP of 76-92%, ammonia of 63-92%,
and NOx 91-92% where observed for IFGEM media supporting the positive impact iron-filing
addition produces on nutrient removal. The microbial community after four-week cultivation with
fresh stormwater revealed NOB, denitrifiers and DNRA to have the largest population densities
with small population densities for AOB and IRB and absence of anammox, thus impacting
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nutrient removal. The small IRB population quantities in the IFGEM media suggest limited iron
for fostering growth which was mainly utilized in physicochemical reactions.
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CHAPTER 5: CONCLUSION
Nutrient removal technology was investigated using green-sorption media with respect to
4 distinct clay and iron filing quantities in the media matrix. Fixed-bed column study tests were
conducted to analyze distinct percentage clay contents (2%, 4%, 6%, and 8%) and iron filing
contents (2.5%, 5%, 7.5%, and 10%) from a total of eight sorption media recipes. Through this
effort, the optimal recipe of Iron Filing-based Green Environmental Media (IFGEM) for
stormwater runoff treatment referred as IFGEM-3 was determined. For each media recipe the
hydraulic conductivity was measured to understand the effect of clay and iron variation on the
infiltration. The hydraulic conductivity decreased with increase in clay for the clay variation and
decreases with increase in iron in the iron variation.
Removal efficiencies of total nitrogen (TN), total phosphorus (TP), NOx as well as
ammonia removal were thoroughly investigated and realized. Parameters such as NOx, ammonia,
ORP, pH and DO were recorded for integrated analysis. Higher ammonia removal efficiency
(98%) was observed for the first influent condition with the lowest nutrient concentrations, while
higher TN (94%), TP (92%), and NOx (95%) removal were achieved for the third influent
condition with the largest nutrient concentration. 2% clay, 83% sand, 10% tire crumb, and 5% iron
filing content by volume proved to be the optimal recipe of IFGEM within the NRR technology
hub. The synergistic effect of these components within the optimal recipe was realized for final
justification. The statistical analysis of variance (ANOVA) allowed the comparison of the mean
nutrient removal for each media recipe for the three influent conditions.
Once the optimal recipe was determined the next step consisted of the integrative effort of
response surface methodology (RSM) modeling and the fixed-bed column study to determine the
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optimum clay and iron-filing contents based on a suite of recipes of green environmental media,
called Irion-filing Green Environmental Media (IFGEM). Experimental result from a series of
fixed-bed column studies for the removal of total nitrogen, total phosphorus, and ammonia in
stormwater runoff via IFGEM with varying contents of clay and iron-filing determined the
optimum clay and iron-filing contents by volume as 2%, and 5%, respectively. The experimental
effort was then generalized by numerical method (RSM) for screening the global optimal recipe
in which two independent variables (clay and iron-filing contents) were utilized to determine three
responses (total nitrogen, total phosphorus and ammonia removal efficiency). Two suboptimal
conditions were retrieved from RSM between clay and iron-filing contents as 2% clay, 10% ironfiling and 8% clay, 2.5% iron-filing. But 2% clay, 10% iron-filing, 10% tire crumb, and 78% sand
was suggested as the optimal recipe for nutrient removals. Both iron-filing and tire crumb are
recycled materials.
Lastly, to evaluate the performance of IFGEM-3 with the utilization of stormwater a
column study was conducted to determine nutrient removal capacity of four distinct soil media to
aid in engineering design and implementation for practical stormwater treatment. This study
compared total nitrogen, total phosphorus, ammonia and NOx removals of spiked stormwater for
natural soil, Biosorption Activated Media (BAM), and two Iron-Filing Green Environmental
Media (IFGEM-1 and IFGEM-3) for nutrient remediation. Real-time polymerase chain reaction
was employed for microbial quantification. The interaction and support of microbial community
densities of ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB), anaerobic
ammonium oxidation (anammox), dissimilatory nitrate reduction to ammonium (DNRA) bacteria,
and iron-reducing bacteria (IRB) in nitrogen cycle was explored. The highest TN, NOx and
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ammonia removal of 96.86%, 99.87%, and 91.34% was achieved by IFGEM-3, respectively. The
highest TP removal of 92.81 % was achieved by IFGEM-1 followed by 92.43% for IFGEM-3.
When comparing the results of the optimal recipe assessment in which only the
physicochemical interactions were analyzed, with stormwater application, an improvement in TN
removal is observed for the latter. In contrast with the optimal recipe study the TN removal for the
stormwater treatment are slightly higher for conditions 2 and 3, however they are lower for
condition 1. Further, an increase in ammonia removal is noted in the stormwater application with
the inclusion of microbial communities. The removal of TP was more consistent and higher in the
application with distilled water. The inclusion of biological reactions from microorganisms
increased the capacity for nutrient removal in IFGEM-3, while it can be proposed that TP removal
was mainly removed by physicochemical reactions.
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